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Multiferroic materials have attracted enormous research interest in recent years. These materials 
show the coexistence of at least two out of elastic, electric and magnetic orders due to 
concurrence among elasticity, charge and spin degrees of freedom and are vital for various 
potential applications such as non-volatile memories, capacitors, transducers, actuators, high 
density data storage, including multiple state memories, magnetic field sensors and logical 
memory based devices etc. Apart from numerous prospective applications, these materials are 
rich source of fundamental physics. Among all the discovered/known multiferroic subsystems, 
RM^Os (where R = rare earth, Y and Bi) possesses both electric and magnetic orders. It 
undergoes an antiferromagnetic (TN ~ 39 K) and ferroelectric (Tc ~ 35 K) phase transitions at 
around coinciding temperatures. As a matter of fact, bulk samples of RM^Os have been 
synthesized back in 1960s but not with the aim of multiferroicity and these compounds were left 
untouched for many decades. Interestingly, in last decade RMn20s family came at the centre of 
attraction among the materials scientists because of extra ordinary coupling among ferroic 
properties, which are very significant for technological application. The only problem with these 
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materials is the existence of ferroic properties occurring at very low temperatures, not suitable 
for practical applications. 
This work is the first study on BiM^Os multiferroic with the aim of tuning the ferroic 
transition temperatures (towards higher temperature) and understanding the origin of magnetic 
and ferroelectric behaviour by the substitution of suitable ion and use of swift heavy ion (SHI) 
irradiation. Single phase bulk samples of the compositions BiMn2-xTixOs (0 < x < 0.5) have been 
prepared using conventional solid state reaction method. The crystal structure and physical 
properties were characterized using various specific experimental techniques. It is found that the 
substitution of Ti at Mn site in BiM^Os, introduces the new magnetic and ferroelectric 
anomalies at temperatures ~ 86 and 120 K, respectively. Element specific characterization such 
as near edge x-ray absorption spectroscopy (NEXAFS) has been used to study the electronic 
structure and valence states of Ti and Mn. Affirmation of the above anomalies are performed 
using the most fundamental techniques such as specific heat measurement in high magnetic field 
and temperature dependent Raman scattering. 
The single phase polycrystalline thin films of BiM^Os multiferroic have been 
successfully synthesized on LAO (LaA103) substrate using Pulsed Laser Deposition (PLD) 
method and well characterized using various important experimental techniques. The thin films 
are found to have spin glass behaviour because of strain present in the system. Thin films of 
BiMn2C>5 were irradiated by SHI using 200 MeV Ag15+ ion with the fluence values 1 x 1011, 5 x 
1011 and 1 x 1012 ions/cm2, at Inter University Accelerator Centre, (IUAC), New Delhi, India. 
With increasing irradiation fluence value unit cell relaxes due to irradiation induced high 
energetic configuration. Interestingly, irradiation induced ferromagnetism is observed in 
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primarily short range antiferromagnetic or spin glass behaviour present in thin film. Evolution of 
Mn bearing large magnetic moment is confirmed after irradiation using NEXAFS, which 
increases with the fluence values. X-ray magnetic circular dichroism (XMCD) studies show the 
magnetic signal associated with Mn2+, the intensity of which is found to increase sharply with 
increase of the fluence as well as with lowering the temperature. Calculations based on sum rule 
and orbital moment consideration using XMCD data show that with irradiation orbital moment 
dominates at low temperature which was found quenched in pristine thin film. These findings 
spur that the swift heavy ion irradiation can be used as an important tool to tailor the properties 
of oxide multiferroics for desired technological applications. 
Finally, Ti substitution and SHI irradiation are found to engineer the physical properties 
of BiMn205 up to a great extent. This study present remarkable findings and observations in the 
field of multiferroic materials from fundamental physics point of view as well as for 
applications. The present thesis is divided into seven chapters as mentioned in content, where I 
will elaborate the specific aspects. Results and findings of this work are summarized with 
suggestions for future work, separately. 
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Abstract 
Study of Ti Substitution and SHI Irradiation on Multiferroic BiM^Os 
by 
Dinesh Kumar Shukla, 2009 
Multiferroic materials have attracted enormous research interest in recent years. These 
materials show the coexistence of at least two out of elastic, electric and magnetic orders 
due to concurrence among elasticity, charge and spin degrees of freedom and are vital for 
various potential applications such as non-volatile memories, capacitors, transducers, 
actuators, high density data storage, including multiple state memories, magnetic field 
sensors and logical memory based devices etc. Apart from numerous prospective 
applications, these materials are rich source of fundamental physics. Among all the 
discovered/known multiferroic subsystems, RJVh^Os (where R = rare earth, Y and Bi) 
possesses both electric and magnetic orders. It undergoes an antiferromagnetic (T# ~ 39 K) 
and ferroelectric (Tc ~ 35 K) phase transitions at around coinciding temperatures. As a 
matter of fact, bulk samples of RMn2Os have been synthesized back in 1960s but not with 
the aim of multiferroicity and these compounds were left untouched for many decades. 
Interestingly, in last decade RJVfc^ Os family came at the centre of attraction among the 
materials scientists because of extra ordinary coupling among ferroic properties, which are 
very significant for technological application. The only problem with these materials is the 
ix . 
existence of ferroic properties occurring at very low temperatures, not suitable for practical 
applications. 
This work is the first study on BiM^Os multiferroic with the aim of tuning the 
ferroic transition temperatures (towards higher temperature) and understanding the origin of 
magnetic and ferroelectric behaviour by the substitution of suitable ion and use of swift 
heavy ion (SHI) irradiation. Single phase bulk samples of the compositions BiMn2-xTix05 (0 
< x < 0.5) have been prepared using conventional solid state reaction method. The crystal 
structure and physical properties were characterized using various specific experimental 
techniques. It is found that the substitution of Ti at Mn site in BiMn2Os, introduces the new 
magnetic and ferroelectric anomalies at temperatures ~ 86 and 120 K, respectively. Element 
specific characterization such as near edge x-ray absorption spectroscopy (NEXAFS) has 
been used to study the electronic structure and valence states of Ti and Mn. Affirmation of 
the above anomalies are performed using the most fundamental techniques such as specific 
heat measurement in high magnetic field and temperature dependent Raman scattering. 
The single phase polycrystalline thin films of BiMr^Os multiferroic have been 
successfully synthesized on LAO (LaAlCb) substrate using Pulsed Laser Deposition (PLD) 
method and well characterized using various important experimental techniques. The thin 
films are found to have spin glass behaviour because of strain present in the system. Thin 
films of BiMn20s were irradiated by SHI using 200 MeV Ag15+ ion with the fluence values 1 
x 1011, 5 x 1011 and 1 x 1012 ions/cm2, at Inter University Accelerator Centre, (ILIAC), New 
Delhi, India. With increasing irradiation fluence value unit cell relaxes due to irradiation 
induced high energetic configuration. Interestingly, irradiation induced ferromagnetism is 
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observed in primarily short range antiferromagnetic or spin glass behaviour present in thin 
film. Evolution of Mn2+ bearing large magnetic moment is confirmed after irradiation using 
NEXAFS, which increases with the fluence values. X-ray magnetic circular dichroism 
(XMCD) studies show the magnetic signal associated with Mn2+, the intensity of which is 
found to increase sharply with increase of the fluence as well as with lowering the 
temperature. Calculations based on sum rule and orbital moment consideration using XMCD 
data show that with irradiation orbital moment dominates at low temperature which was 
found quenched in pristine thin film. These findings spur that the swift heavy ion irradiation 
can be used as an important tool to tailor the properties of oxide multiferroics for desired 
technological applications. 
Finally, Ti substitution and SHI irradiation are found to engineer the physical 
properties of BiMfoOs up to a great extent. This study present remarkable findings and 
observations in the field of multiferroic materials from fundamental physics point of view as 
well as for applications. The present thesis is divided into seven chapters as mentioned in 
content, where I will elaborate the specific aspects. Results and findings of this work are 
summarized with suggestions for future work, separately. 
XI 
Contents 
Contents xii 
1 Introduction 1 
1.1 Multiferroic Materials 1 
(i) History of Multiferroic 2 
(ii) Brief update of multiferroics and applications 2 
1.2 Multiferroic RM^Os (where R = rare earth, Y and Bi) 6 
1.3 Purpose of research 7 
(i) Effect of Ti substitution 8 
(ii) Effect of swift heavy ion (SHI) irradiation 9 
2 Binary approach 10 
2.1 Experimental methodology 11 
(2.1.1) Synthesis of bulk materials 11 
(2.1.2) Thin film deposition using Pulsed Laser 
Deposition (PLD) technique 12 
(2.1.3) X-ray diffraction 15 
(2.1.4) Dielectric measurement 17 
(2.1.5) Magnetic characterization 18 
(i) Vibrating sample magnetometer (VSM) 18 
(ii) Superconducting Quantum Interference 
Device (SQUID) magnetometer 19 
(2.1.6) X-ray absorption spectroscopy (XAS) 21 
(i) X-ray absorption fine structure (XAFS) 21 
XII 
(ii) X-ray magnetic circular dichroism (XMCD) 23 
(2.1.7) Specific heat measurement 25 
(2.1.8) Raman scattering measurement 26 
(2.1.9) Magneto-capacitance measurement 28 
(2.1.10) Atomic Force microscopy (AFM) 29 
(i) Contact Mode AFM 29 
(ii)Tapping Mode AFM 30 
(2.1.11) Swift heavy ion (SHI) irradiation 31 
(i) Pelletron Accelerator 31 
(ii) Materials Science Beam Line 33 
(iii) Ion Solid Interaction 34 
(a) Thermal Spike Model 36 
(b) Coulomb Explosion Model 36 
2.2 Theoretical Formalisms 38 
(2.2.1) Theory of specific heat and anhormonic corrections 38 
(2.2.2) Extraction of crystallographic data from powder 
x-ray diffraction data using Rietveld refinement method 42 
3 Multiferroic BiMn205: An insight 49 
3.1 Introduction 49 
3.2 Results and discussion 52 
3.3 Conclusions 60 
4 Ti substituted BiMn205 multiferroic: Evolution of new 
multiferroic anomalies and NEXAFS study 61 
4.1 Introduction 61 
4.2 Results and discussion 63 
(i) X-ray diffraction (XRD) studies 63 
(ii) Magnetization and dielectric properties 66 
(iii)X-ray absorption spectroscopy (XAS) studies 70 
(a) OK-edges 70 
(b) Mn L3,2 and K -edges 74 
xiii 
(c) TiL3i2-edges 79 
4.3 Conclusions 81 
5 Affirmation of multiferroic anomalies and magnetoelectric 
observation of Ti substituted BiMn205 82 
5.1 Introduction 82 
5.2 Results and discussion 84 
5.3 Conclusions 98 
6 Thin film growth of multiferroic BiMn205 using Pulsed 
Laser Deposition and its characterizations 99 
6.1 Introduction 99 
6.2 Results and discussion 101 
6.3 Conclusions 110 
7 Effect of swift heavy ion irradiation on the properties 
of PLD grown multiferroic BiMn205 thin films I l l 
7.1 Introduction Il l 
7.2 Experimental details 113 
7.3 Results and discussion 114 
7.4 Conclusions 129 
Conclusions and suggestions for future work 130 
Conclusions 130 
Suggestions for future work 134 
References 135 
XIV 
Chapter 1 
Introduction 
1.1 Multiferroic materials 
The category of materials, in which at least two ferroic orders (magnetism/ ferroelectricity/ 
ferroelasticity) co-exist in single phase are termed as multiferroics (MFs). These are rare in 
nature and raise the fundamental questions concerning possible mechanisms involved in co-
existence of the properties having contrasting origin. Alternate mechanisms have to be 
adopted in order to develop the new multiferroic material, for example, for ferroelectric (FE) 
and ferromagnetism (FM) to coexist in single phase, the atom which moves off-centre to 
induce the electric dipole moment should be different from those that carry the magnetic 
moment. 
Properties of MF's are closely linked to the symmetry. The primary ferroic 
properties can be characterized by their behaviour under space and time inversion. Space 
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inversion for example will reverse the direction of polarization P while leaving the 
magnetization M invariant. Time reversal, in turn, will change the sign of M, while the sign 
of P remains invariant (FE is space variant but time invariant, FM is space invariant but time 
variant). 
(i) History of Multiferroic 
The attempts to combine both the magnetic and ferroelectric properties in one material 
started in 1960's, predominantly by two groups in the Soviet Union: the group of Smolenskii 
in St. Petersburg (then Leningrad) [1] and by Venevtsev in Moscow [2] but the term 
"multiferroic" was first used by H. Schmid in 1994 [3]. Schmid defined the multiferroics as 
single phase materials which simultaneously possess two or more primary ferroic properties. 
The term multiferroic has been expanded to include materials which exhibit any type of long 
range magnetic ordering, spontaneous electric polarization, and/or ferroelasticity. In the 
most general sense, the field of multiferroics was born from studies of magnetoelectric 
systems [4]. After an original explode of interest, research on multiferroics remained 
untouched until early 2000. In 2003, the discovery of large ferroelectric polarization in 
epitaxially grown thin films of BiFeCb [5] and the discovery of strong magnetic and electric 
coupling in orthorhombic TbMnC>3 [6] and TbM^Os [7] re-stimulated the activity in the 
field of multiferroics. In last few years many interesting review articles have been published 
[8-20], which evidences to the rapid progress in this field. 
(ii) Brief update of multiferroics and applications 
Most of the multiferroics belong to the family of the perovskite transition metal oxides, 
which include rare-earth manganites and ferrites (e.g. TbMnCb, HoMn205, LuFe204). Other 
examples of multiferroics are the bismuth alloys BiFe03 and BiMnOs (it is the only 
ferromagnetic multiferroic), and non-oxides such as BaNiF4 and spinel chalcogenides, e.g. 
ZnCr2Se4. Apart from single phase multiferroics, composites and heterostructures exhibiting 
more than one ferroic order parameter are studied extensively. A list of multiferroic 
2 
materials with their multiferroic transition temperatures are presented in Table 1.1 [5-7, 21-
48]. 
While considering the microscopic conditions for the coexistence of magnetism and 
ferroelectricity, one has to note that, the microscopic nature of magnetic ordering in 
principle is the same as in most strong magnets, which is an exchange interaction of 
predominantly localized magnetic moments, whereas for FE ordering, there exist many 
different mechanisms. In contrast to magnetism, real microscopic mechanisms of FE are in 
many cases not well understood. Therefore, to design new multiferroic materials, the main 
problem comes with the FE part. These multiferroic materials can be categorized on the 
basis of microscopic mechanisms involved, responsible for co-existence of magnetism and 
ferroelectricity, namely (i) charge ordered, (ii) geometrically frustrated multiferroics, (iii) 
magnetically driven ferroelectricity and (iv) lone pair multiferroics. These classifications are 
well described in literature along with example materials [8-9, 11, 13, 16-17]. 
Table 1.1: Multiferroic compounds, their multiferroic transition temperatures 
and reference. 
Compound Ferroelectric 
transition temp. (~) 
Magnetic Ref. 
transition temp. (~) 
Ni3B2013I 
pbFeo.5Nbo.503 
Ni3V208 
BiFe03 
NiFe204-BaTi03 
BiMn03 
K3Fe5Fi5 
BiCr03 
YMn03 
YCr03 
RMn205 
(R = rare earth, Y and Bi) 
64K 
383K 
6K 
1103K 
— 
750K 
490K 
440K 
950K 
440K 
35K 
64K 
140K 
9K 
647K 
— 
105K 
123K 
114K 
80K 
140K 
39K 
21 
22 
23 
5 
24 
25 
26 
27 
28 
29 
7 
•n 
« s ^ 
Pro.7Cao.3Mn03 
Ndo.5Cao.5Mn03 
Pro.6Cao.4Mn03 
Lao.25Ndo.25Cao.5Mn03 
ErMn03 
TbMn03 
DyMn03 
CoCr204 
MnCr204 
Bi0.9Tb^Lao.iFe03 
BijCo2-Jvln04 
Bi2Fe409 
Bi i-^La^FeOs 
Bii.^SrtMnOs 
CdCr2S4 
BiFei.x Mnx03 
GaFe03 
Cdo.5Feo.5Cr2S 4 
BiFe,_,Cr, 0 3 
HoMn03 
LuMn03 
ScMn03 
LuFe204 
BaMF4 
225 K 
240K 
240K 
240K 
830K 
28K 
19K 
— 
— 
518K 
350K 
— 
— 
103-105K 
— 
— 
220K 
137K 
— 
875K 
900K 
— 
330K 
— 
(where M=Mn, Fe, Co and Ni) 
ZnCr2Se4 
130K 
140K 
170K 
150K 
80K 
43K 
39K 
93K 
51K 
518K 
182K 
260K 
— 
155K 
155K 
420K 
225K 
137K 
— 
72K 
90K 
130K 
250K 
20-70K 
30 
30 
30 
30 
31 
6 
32 
33 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
45 
46 
47 
21K 48 
Despite of being the rich source of fundamental physics, these are important for various 
applications. Multiferroic composite structures in bulk form are explored for high-sensitivity 
ac magnetic field sensors and electrically tunable microwave devices, such as filters, 
oscillators and phase shifters (in which the ferri-, ferro- or antiferro-magnetic resonances are 
tuned electrically instead of magnetically) [49]. In multiferroic thin films, the coupled 
magnetic and ferroelectric order parameters can be exploited for developing 
magnetoelectronic devices. These include novel spintronic devices such as tunnel magneto 
resistance (TMR) sensors and spin valves with electric field tunable functions. A typical 
TMR device consist of two layers of ferromagnetic materials separated by a thin tunnel 
barrier (~2 nm) made of a multiferroic thin film [50]. In such a device, spin transport across 
the barrier can be electrically tuned. In another configuration, a multiferroic layer can be 
used as the exchange bias pinning layer. If the antiferromagnetic spin orientations in the 
multiferroic pinning layer can be electrically tuned, then magnetoresistance of the device 
can be controlled by the applied electric field [51]. In brief multiferroics are important for 
various applications such as non-volatile, memories, capacitors, transducers, actuators, high 
density data storage, including multiple state memories; where data can be stored both in 
electrical as well as magnetic form, magnetic field sensors and logical memory based 
devices etc. [49-51, 11-12]. 
Most important pre-requisite condition for the multiferroic applications is the 
coupling between magnetic order and ferroelectricity and the resultant effect is the 
phenomenon of inducing magnetic (electric) polarization by applying an external electric 
(magnetic) field. This phenomenon is called as Magnetoelectric (ME) and the multiferroic 
materials showing this phenomenon is called as "Magnetoelectric multiferroic". The effects 
can be linear or/and non-linear with respect to the external fields. In general, this effect 
depends on temperature. The effect can be expressed in the following form 
J?=«,£#,+X/W**+ o-1) 
Mi=atJYJE.+^/3ijkEJEk+ (1.2) 
where P is the electric polarization, Mthe magnetization, E and Hthe electric and magnetic 
fields, and a and /? are the linear and nonlinear ME susceptibilities. The effect can be 
observed in single phase and composite materials. The size of the effect depends on the 
microscopic mechanism. In single phase magnetoelectrics, the effect can be due to the 
coupling of magnetic and electric orders as observed in some multiferroics. In composite 
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materials, the effect originates from interface coupling effects, such as strain. Some of the 
promising applications of the ME effect are sensitive detection of magnetic fields, advanced 
logic devices and tunable microwave filters [49]. 
1.2 Multiferroic RMn205 (where R = rare 
earth, Y and Bi) 
The multiferroic series RMn205 (R3+ Mn3+ Mn4+ 052"; where R is rare-earth, Y or Bi), a 
family of materials which order antiferromagnetically (TAT-39 K) followed by a ferroelectric 
transition at around coinciding temperature ~ 35 K, has created a lot of interest in recent 
years [7, 11, 52, 64, 95-107, 115, 132, 142-144]. The attractive feature of these materials is 
not the value of the electrical polarization, which is several orders of magnitude smaller than 
for typical ferroelectrics and even for "classic" magnetic multiferroics such as BiFeC>3, but 
rather the very large cross-coupling between magnetic and electrical properties which makes 
the "novel" multiferroics into enticing paradigms of functional behaviour. The series 
RMn2C>5 was first described by Quezel-Ambrunaz et al [53] and Bertaut et al [54]. They 
have grown single crystal using a Bi203 flux and investigated the unit cell parameters for the 
complete series were determined. At room temperature, these materials stabilizes in 
orthorhombic symmetry with space group Pbam (No. 55) and Z = 4. In this family of 
materials Mn exhibit mixed valence (Mn3+/Mn4+). Various basic common facts about these 
materials have been established with clarity. As for conventional ferroelectrics, electrical 
polarization emerges as a result of a symmetry breaking transition from a high-temperature 
paraelectric phase. Unlike conventional ferroelectrics, however, the primary order parameter 
for this phase transition is magnetic rather than structural. As a result, the overall magneto-
structural symmetry is lowered from that of the paramagnetic phase, eventually leading to a 
polar point group below one of the magnetic transition temperatures. Here, ferroelectricity is 
induced by some form of magneto-elastic and/or magneto-electronic interaction. On this 
principle, a lot work has been published on both group theory [55] and phenomenology [56-
58], aimed at establishing the symmetry requirements for the appearance of ferroelectricity, 
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as well as the coupling between different order parameters and the generalized phase 
diagrams of these materials. Essentially, all of these results are independent of the 
microscopic magneto-electric coupling mechanism. There is in fact no requirement that this 
mechanism is one and the same for all "novel" multiferroics — in this case, symmetry 
would be the single unifying principle. However, establishing this microscopic mechanism 
in each case is crucial for a quantitative understanding on the phenomenon, and it is an 
essential guiding principle for engineering of new materials. As it happens, most of the 
"novel multiferroic" materials discovered so far, share much more than a broken magnetic 
symmetry leading to a polar group. In fact, the presence of a cycloidal component to the 
magnetic structure [23, 59-62] suggests a common underlying microscopic mechanism, 
which is critically dependent on the noncollinearity of the spins. Nagaosa et al. [63] and M. 
Mostovoy [58] have explored this concept from different angles, and proposed the "theory 
of ferroelectricity in cycloidal magnets". 
1.3 Purpose of research 
Surprises bring in new challenges! 
The work on multiferroic materials have been initiated in 1960's [1,2, 4] with an aim to 
merge two unseemingly phenomenon in same material but languished and remained 
untouched for many decades, because of single phase materials exhibiting magnetism along 
with ferroelectricity could not be easily produced. But after the discovery of word 
"multiferroic" by H. Schmid in 1994 [3], a fast and successful journey has been travelled 
towards the goal with a very elegant vision, which is evident from a large number of 
multiferroics known to us today. All these have become possible only because of 
multidimensional growth of science/mankind with time. In RM^Os family, member 
BiM^Os has been widely studied [64, 65, 96, 105] and multiferroic transition temperatures 
(antiferromagnetic & ferroelectric) are similar to other rare earth members. As discussed in 
the introduction of the RM^Os family, lowering of symmetry in magnetic phase leads to the 
ferroelectricity in this system and shows the novel coupling mechanisms, pre-requisite for 
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application purpose, exists practically at very low temperature. In order to realize the 
devices based on the underlying mechanisms involved in the functionality of such materials, 
multiferroic properties are desired at higher temperatures (close to room temperature). Main 
objective to pursue this work was tuning the ferroic transition temperatures towards higher 
temperature and understand the origin of magnetic and ferroelectric behaviour by the 
substitution of suitable cation and also by irradiating the materials with swift heavy ions 
(SHI). The modification, in physical properties and technological consequences of chemical 
substitution as well as ion irradiation in functional oxide materials are evident in literature. 
In order to minimize the complexity of substitution and irradiation study, BiM^Os 
has been chosen, which have commensurate magnetic structure and is ferroelectric with a 
propagation vector q = ( —, 0 , —) [64-65], shows the multiferroic anomalies. The very first 
detailed structural, magnetic, thermodynamic and electronic structure properties of 
polycrystalline bulk BiM^Os is presented in Chapter 3. 
(i) Effect of Ti substitution 
To tune the multiferroic properties of BilVfr^ Os, one has to understand the position and co-
ordination of various cations involved (Bi3+, Mn3+ and Mn4+) and O2", which provides the 
magnetic interaction network and polarization. In the ab plane of unit cell of BiM^Os, there 
are Mn3+-0-Mn4+-0-Mn3+-0-Mn3+-0-Mn4+ five nearest neighbour interactions, which gives 
rise to magnetic frustration, as odd number of Mn ions cannot be completely anti-parallel to 
each other (unit cell structure is presented in Chapter 3). The magnetic frustration arising in 
ab plane seems to be linked with the appearance of ferroelectricity in these materials. In this 
milieu, Ti4+ (3a°) is chosen, which reduce the Mn-Mn interaction through oxygen and the 
Mn-Mn distance increases due to the formation of Mn4+-0-Ti4+ and Mn4+-0-Mn4+ chains, 
which may affect the ferroelectric and magnetic properties of BiM^Os.The nature of the 
magnetic ordering in the entire compositional range depends on the relative concentration of 
Mn3+ and Mn4+ ions, Mn-O-Mn bond angles as well as bond distances. There is also a 
possibility of a complex magnetic phase due to the Ti substitution at both the Mn3+ and Mn4+ 
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sublattices, where the super-exchange (SE) interaption among the Mn ions takes place via 
O2" ions. Consequences of Ti substitution are presented in detail at Chapters 4 & 5. 
(ii) Effect of swift heavy ion (SHI) irradiation 
The physical and technological consequences of ion beam modification in semiconductors, 
metals, CMR materials and polymers have been studied in depth over past 30 years [66-68 
and ref. therein]. The SHI irradiation is known to create structural strain and stress in these 
oxide materials. The multiferroic properties of these materials are known to be very 
sensitive to the small lattice distortions. In order to answer the question of how ion beam 
processing might be used to custom-tailor the multiferroic properties of BiM^Os; thin film 
structures are pre-requisite, which is essential for the purpose of device applications too. So 
the first phase of irradiation work was to grow the single phase thin film structure and their 
characterization, details of which are presented in Chapter 6. Finally, irradiation experiment 
was carried out on well characterized thin films and the detailed analysis of irradiated 
samples; using element specific experimental techniques are presented in Chapter 7. 
Fundamental processes involved in irradiation process as well as the experimental details 
related to irradiation experiment are presented in Chapter 2. 
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Chapter 2 
Binary approach 
This chapter presents the details about experimental techniques and theoretical 
approaches/model used in this study. First part, experimental methodology, covers the bulk 
and thin film synthesization, experimental techniques used for characterization and details of 
irradiation phenomenon. Second part, theoretical formalisms, explains the details of specific 
heat analysis including the description of lattice contribution and theoretical background of 
Rietveld refinement technique used for structural refinement. 
10 
2.1 Experimental methodology 
2.1.1 Synthesis of bulk materials 
Bulk multiferroic samples used in the present study have been synthesized using solid state 
reaction method. The typical procedure for exchange of ions in the solid state is very simple, 
involving heating a mechanical mixture of transition metal oxide (or salt) in a stream of inert 
gas, under vacuum, or in air. The temperature at which the solid-state exchange reaction 
reaches an appreciable rate depends on the type of cation and anion. This technique has been 
even proven to be a unique method for introducing transition metal cations in high-silica 
zeolites [69]. 
The solid-state reaction technique mainly involves four major steps (i) Mixing of the 
required oxide/carbonate powders in stoichiometric proportion, (ii) Calcination, (iii) 
Pelletization and (iv) Sintering of the polycrystalline bulk. The solid-state reaction used for 
the preparation of BiMn2.xTix05 sample is given as follow: 
(0.5) Bi203 + (2-x) MnO + (x) Ti02 -> BiMn2.xTix05 (2.1.1) 
For the preparation of bulk BiMn2.xTixOs (0 < x < 0.5) multiferroic samples, the high purity 
(~ 99.99 %) fine powders of AR grade of Bi2C>3, MnO and Ti02 were weighed and mixed in 
stochiometric proportion. The quantities of the reagents required for this composition was 
calculated from the above mentioned solid-state reaction technique for 5g of each sample. 
The powders weighed in the appropriate proportion were mixed thoroughly and grounded 
using a mortar and pestle. This process was carried out at least for one hour in order to 
accomplish the homogeneity of the mixed powder. 
The decomposition of the mixed powder by heating below its melting point is known 
as calcination. The intention of calcination procedure is to establish the course of nucleation 
for the grain growth and felicitates the decomposition of the substituent oxides/carbonates. 
Mixed powders were kept in a crucible and heated in the furnace at 800°C for 12 hours to 
ensure that all the hydrides and carbides are liberated from the mixture. 
11 
In order to make use of these ceramic materials, the calcinated powders must be 
brought into the required shapes and densities, before the final sintering process. This is 
achieved by using die-press technique in which a die of proper shape was filled with 
calcinated powder and pressed using hydraulic press. In our case, pelletization is done in a 
die of circular shape of 15 mm diameter and the pressure applied was ~ 6 Ton. 
After pelletization of the fine calcinated powder, sintering of the pellet is done at 
relatively higher temperature and for longer duration used during calcination. This is 
followed by slow cooling with a suitable predefined rate, which is an essential and important 
process as it maintains the required oxygen content in the material. The final sintering is 
done at 840°C for 24 hours in a furnace followed by slow cooling to room temperature. This 
heat-treatment procedure was repeated for three times to get better homogeneity in the 
samples. 
2.1.2 Thin film deposition using Pulsed Laser 
Deposition (PLD) technique 
PLD was used to prepare BiMfrfcOs thin films on LaAlC>3 (LAO) substrates. In the PLD 
technique, a laser beam (an excimer laser) is directed at a solid target. The interaction of the 
pulsed laser beam with the target produces a plume of material that is transported toward a 
heated substrate placed directly in the line of the plume. 
Theoretically and experimentally PLD is a simple thin film deposition technique. 
There is one rotating target holder and one substrate holder facing each other in a stainless 
steel vacuum chamber. A high energy pulsed laser beam (most frequently an excimer laser) 
is used as an external energy source to vapourize materials from the target surface. A set of 
optical lenses is used to focus the laser beam on the target surface. A schematic diagram of a 
PLD vacuum chamber is shown in Fig. 2.1.1. The pulsed laser beam typically has 30 ns 
pulses with energy in the range of 0.01-1.2 J and at a frequency of 1-20 Hz. As a result, the 
plume which contains materials ablated from the target is ejected normal to the target 
surface. The plume expands away from the target with a strong forward-directed velocity 
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distribution of the different particles. The ablated species condense on the substrate placed 
opposite to the target. The ablation process in the vacuum chamber takes place either in 
vacuum or in the presence of some gas. In the case of oxide films, oxygen is the most 
common gas. 
y> Laser beam 
Fig. 2.1.1 Schematic diagram of PLD system. 
The principle of PLD, in contrast to the simplicity of the system set-up, is a very complex 
physical phenomenon. It not only involves the physical process of the laser-material 
interaction on a solid target and energy transformation, but also the formation of the plasma 
plume with high energetic species and the transfer of the ablated material through the 
plasma plume onto the heated substrate surface [70]. Generally, the PLD process can be 
divided into the following four steps: 1) interaction of laser with the target; 2) dynamics of 
the ablation materials; 3) deposition of the ablation materials on the substrate; and 4) 
nucleation and growth of a thin film on the substrate surface. Each of the above steps is 
critical to the quality and characteristics of the films i.e. crystal Unity, stoichiometry, 
uniformity, and surface roughness. During deposition, different parameters including 
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substrate temperature, laser energy density and frequency, target-to-substrate distance, base 
pressure and deposition gas pressure are optimized to achieve high quality thin films. The 
substrate temperature is critical to the crystallinity of the films. Normally, an amorphous 
phase forms when the substrate temperature is below a certain value. As the substrate 
temperature increases, films start to crystallize. For an epitaxial growth, the substrate 
temperature should be optimized, which varies for different materials. The energy density of 
the laser beam has significant effects on the uniformity of the film. Target-to-substrate 
distance is a parameter that governs the angular spread of the ablated materials. The oxygen 
partial pressure is also a very important parameter in the growth of oxide films. The 
chamber is normally pumped down to a base pressure of ~10"5 To IT before the reactive gas, 
such as oxygen, is introduced into the chamber. The lasers commonly used for PLD include 
ArF, KrF, XeCl and XeF excimer lasers with wavelength ofk = 193, 248, 308, and 351 nm, 
respectively. It is generally recognized that the shorter is the wavelength, the more effective 
is the laser ablation process. 
The most important feature of PLD is that the stoichiometry of the target can be 
retained in the deposited films. This is the result of the extremely high heating rate of the 
target surface due to pulsed laser irradiation. Because of the very short pulse width of the 
laser, the evapouration of the target is negligible. When the target material is ejected towards 
the substrate, different components have similar deposition rates, making the film with same 
composition as the target material. Another advantage of the PLD is its versatility. With the 
choice of an appropriate laser almost any material can be deposited in a wide variety of 
gases over a broad range of gas pressures and substrate temperatures. The targets used in 
PLD are small compared to the large size required for sputtering techniques. It is quite easy 
to produce multi-layered films of different materials by sequential ablation of assorted 
targets held in one target holder. Also, by controlling the number of pulses, fine control of 
film thickness down to the monolayer can be achieved. Another advantage of PLD is its 
cost-effectiveness. Several vacuum chambers can be arranged around a single laser source 
and the laser beam can be directed to each chamber using different mirrors and lenses. There 
are, however, two major disadvantages associated the use of PLD. One is the lack of 
uniformity over a large area which is due to the narrow angular distribution of the plume. 
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The other and most important disadvantage is an intrinsic problem called "splashing" which 
results in deposition of micron sized particulates on top of the film surface. The occurrence 
of splashing has several origins such as surface boiling, expulsion of liquid by Shockwave 
recoil, and exfoliation [71]. There are several solutions to avoid splashing which include 
using a high quality target, target surface improvement and smoothing, mechanical particle 
filter, plume manipulation, off-axis PLD and lowering laser energy density. With respect to 
scaling-up due to the demand for metal-oxide based electronics or other multicomponent 
thin films, the commercial-scale development of PLD systems is possible. It has been 
reported [72] that some PLD systems can deposit thin films on 8-inch wafers with 
deposition rates of more than 1 micron-cm2/s. 
In this study, a pulsed KrF (wavelength = 248 rim) excimer laser was used for 
ablation (repetition rate of 5 Hz and energy density of 1.7 J/cm2). The chamber was 
evacuated to base pressure of lxlO-6 Torr and deposition was carried out at 100 mTorr of 
oxygen background pressure. The deposition was performed at 500 °C for 40 mins. The 
thicknes of all the films are around 200 nm as measured by stylus profilometer. 
2.1.3 X-ray diffraction 
X-ray diffraction (XRD) is a powerful method, which is widely used for the characterization 
of crystalline and structural properties. When monochromatic X-ray radiation is incident 
upon the sample, a part of the radiation is scattered from the sample atoms. Scattered X-rays 
constructively interfere when certain conditions are satisfied. This phenomenon is known as 
diffraction of X-rays. The path difference between the x-rays scattered from two adjacent 
planes is related with the interatomic plane distance d/,ki and the incident angle 0. If the 
travelling difference is equal to an integer number of the incident X-ray wavelength then the 
constructive interference of the diffracted beam occurs and a sharp diffraction peak can be 
observed, which is expressed by Bragg's Law [Eq. (2.1.2)];. 
n^ = 2dsin<9 (2.1.2) 
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where n is an integer, X is the wavelength of X-rays (generally, Cu Ka (1.54056 A)), d is the 
interplaner spacing and 0 is the diffraction angle. 
Typical diffractometers use either 3- or 4-circle goniometers. These circles refer to 
the four angles (29, %, q>, and co) that define the relationship between the crystal lattice, the 
incident ray and detector. Samples are mounted onto goniometer heads/Adjustment of the 
X, Y and Z orthogonal directions allows centering of the crystal within the X-ray beam. The 
typical XRD measurement techniques are schematically illustrated in Figure 2.1.2. 
incident X-ray 
Beam trap 
detector 
Fig. 2.1.2 Schematic of XRD measurement techniques. 
In this study, XRD measurements were carried out by Rigaku diffractometer and Bruker D8 
with monochromatized Cu Ka radiation. A typical 9- 20 scans were performed in the XRD 
studies. 
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2.1.4 Dielectric measurement 
The dielectric constant for the bulk sample was calculated by measuring the capacitance of 
the material. The capacitance as a function of frequency and temperature was measured 
using Agilent 4284A precision LCR meter. Shielded test leads were used for the electrical 
connections from the analyzer to the sample in order to avoid any parasitic impedance. The 
samples were made in the form of circular pellets by applying a pressure of 6 tons. Before 
starting the measurement the samples were heated at 100 °C for 1 hour, so as to homogenize 
the charge carriers and to remove the moisture content, if any. The surface of the pellets 
were polished and coated with silver paste, which acts as a good contact for measuring the 
dielectric properties. For temperature dependent dielectric measurements, we have used a 
closed cycle refrigerator (CCR) setup that enables us to measure the dielectric constant in 
the temperature range of 10 - 300 K. 
The value of the dielectric constant (sr) was calculated using the formula; 
£=C/r (2.1.3) 
where e' is the real part of the dielectric constant, C is the capacitance of the material 
inserted between the electrodes and Co is the capacitance of the medium as air or no medium 
between the electrodes. The C0 for the parallel plate capacitor can be calculated using the 
following relation 
C0=£°A/ (2.1.4) 
where s0 is permittivity in vacuum ~ 8.854 X 10"12 C2/N.m2, t is the sample thickness and A 
is the area of the specimen in sq. m. 
Using eq. 2.1.3 and 2.1.4, the dielectric constant can be calculated as 
e'=
Cx/sA (2.1.5) 
The imaginary component of dielectric constant (s") is calculated using the formula; 
e"=e'tmS (2.1.6) 
where tan8 is loss tangent, proportional to the 'loss' of energy from the applied field into the 
sample (in fact, this energy is dissipated into heat) and therefore denoted as dielectric loss. 
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2.1.5 Magnetic characterization 
(i) Vibrating sample magnetometer (VSM) 
The vibrating sample magnetometer (VSM) is the most commonly used instrument for 
measurements of the magnetic properties of the samples. VSM was developed in 1956 by S. 
Foner and Van Oosterhart [73]. The principle behind the measurement is simple: it uses an 
electromagnet which provides a DC magnetizing field. When a material is placed within a 
uniform magnetic field, a vibrator mechanism vibrates the sample in the magnetic field. This 
causes the sample to undergo sinusoidal motion and creates a change in the magnetic flux, 
which is detected by pickup coils as an induction voltage. The flux change is proportional to 
the magnetic moment in the sample: 
V{t) = Cd{<fi)/dt (2.1.7) 
where <p(t) represents the change in flux in the pick-up coils caused by the moving magnetic 
sample. The output measurement displays the magnetic moment M as a function of the field 
H. 
•
Vibration 
unit 
I 
Sample 
Magnet unit -
Fig. 2.1.3: An illustration of Vibrating Sample Magnetometer 
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A schematic of the VSM system is shown in Fig. 2.1.3. VSM provides a fast and easy 
technique for the measurement of the magnetic properties of a material. 
In the present study, VSM option of Physical Property Measurement Setup (PPMS) 
made by Quantum design has been used for the magnetization measurement of bulk BiMn2-
xTixC>5 (0 < x < 0.5) multiferroic samples from 5 K to the room temperature. The sensitivity 
of VSM manufactured by Quantum design is in the range of 10^ emu. 
(ii) Superconducting Quantum Interference Device (SQUID) 
magnetometer 
To measure the hysteresis loop and susceptibility more accurately and at lower temperatures, 
a Superconducting Quantum Interference Device (SQUID) magnetometer was used. 
SQUIDs are very sensitive detectors of magnetic flux. They combine the physical 
phenomena of flux quantization and Josephson tunneling. A Josephson junction consists of 
two weakly coupled superconducting electrodes which are separated by a thin insulating 
barrier. If superconductors separated by a thin insulating layer are brought very close to each 
other, tunneling of electrons can occur. If the distance is reduced even more, tunneling of 
Cooper-pairs will also occur. For currents below a critical value, the pair tunneling 
constitutes a supercurrent, and no voltage is developed across the junction. However, a 
voltage appears for currents greater than the critical value. The presence of the insulating 
layer typically restricts the value of the supercurrent flowing in the coil to less than 10"5 A. 
Most of the low-Tc SQUIDs are made from Niobium thin films which have a transition 
temperature around 9.25 K, well above the boiling temperature of liquid helium and are also 
mechanically very stable. Tunnel junctions are patterned from Nb/A10x/Nb trilayers in 
which a A10x barrier is formed by oxidization of a few nanometers of aluminum [74]. Fig. 
2.1.4 shows a schematic of a Josephson junction [75], 
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Magnetic field 
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Biasing / ^ 
current 
One period of 
voltage variation 
corresponds to an 
increase of one 
flux quantum 
Biasing 
current 
Fig. 2.1.4 Schematic of a Josephson junction consisting of two superconductors 
separated by thin insulating layers. 
There are two types of SQUIDs. The first, DC SQUID, consists of two Josephson junctions 
connected in parallel on a superconducting loop and is operated in the voltage state with a 
current bias. The second kind, RF SQUID, consists of a single Josephson junction inserted 
into a superconducting loop. The sample is placed in a superconducting pick-up coil that is 
connected to the actual SQUID. Since the magnetic flux through a superconducting ring is 
quantized t o / = n/o with/) = h/(2\e\) where n is an integer, h is Planck's constant and e is 
electron charge, the sample will induce a supercurrent in the pick-up coils that will keep the 
flux at a constant value. 
In the present study magnetic properties of pristine and irradiated thin films were 
characterized using Quantum Design MPMS SQUID Magnetometer. A sensitivity of 10"7 
emu is claimed by Quantum Design (the manufacturer) but sensitivity of 10"6 emu is 
typically seen in practice. The temperature can be varied between T = 1.7 and 400 K. 
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2.1.6 X-ray absorption spectroscopy (XAS) 
(i) X-ray absorption fine structure (XAFS) 
X-ray absorption spectroscopy (XAS) refers to the details of how x-rays are absorbed by an 
atom at energies near and above the core-level binding energies of that atom. When the x-
rays hit a sample, the oscillating electric field of the electromagnetic radiation interacts with 
the electrons which are bound in an atom. Either the radiation will be scattered or absorbed 
by these electrons, which causes excitation of the electrons. Schematic x-ray absorption 
phenomenon is shown in Fi.g.2.1.5. A narrow parallel monochromatic x-ray beam of 
intensity Ig passing through a sample of thickness x will get a reduced intensity / according 
to the expression: 
ln(I0/I)=ux (2.1.8) 
where ju is the linear absorption coefficient, which depends on the type of atom and the 
density p of the material. At certain energies where the absorption increases drastically, 
gives rise to an absorption edge. 
Scattered x-ray Sample 
Incident x-rav 
Transmitted x-ray 
—* 
I 
Florescence 
X-ray (1) 
Fig. 2.1.5. Schematic x-ray absorption phenomenon. 
Each such edge occurs when the energy of the incident photon is just sufficient to cause 
excitation of a core electron of the absorbing atom to a continuum state, i.e. to produce a 
photoelectron. Thus, the energies of the absorbed radiation at these edges correspond to the 
21 
binding energies of electrons in the K, L, M, etc, shells of the absorbing elements. The 
absorption edges are labelled in the order of increasing energy, K, LI? L Lm, M,...., 
2 2 2 
corresponding to the excitation of an electron from the Is ( Sv), 2s ( S,,), 2p ( Pw), 2p 
( P3/2), 3s ( Sw), ... orbitals (states), respectively. 
11400 11500 11600 11700 11800 11900 
Fig. 2.1.6. X-ray absorption spectrum in pre-edge, XANES, NEXAFS and 
EXAFS regions. 
An x-ray absorption spectrum is generally divided into 4 sections (see Fig. 2.1.6): (1) pre-
edge (E < EQ); (2) x-ray absorption near edge structure (XANES), where the energy of the 
incident x-ray beam is E = EQ ± 10 eV; (3) near edge x-ray absorption fine structure 
(NEXAFS), in the region between 10 eV up to 50 eV above the edge; and (4) extended x-ray 
absorption fine structure (EXAFS), which starts approximately from 50 eV and continues up 
to 1000 eV above the edge. The minor features in the pre-edge region are usually due to the 
electron transitions from the core level to the higher unfilled or half-filled orbitals (e.g, 5 —> 
p, or p —• d). In the XANES region, transitions of core electrons to non-bound levels with 
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close energy occur. Because of the high probability of such transition, a sudden rise in 
absorption process is observed. In NEXAFS, the ejected photoelectrons have low kinetic 
energy (E-EQ is small) and experience strong multiple scattering by the first and even higher 
coordinating shells. In the EXAFS region, the photoelectrons have high kinetic energy (E-EQ 
is large) and single scattering by the nearest neighboring atoms normally dominates. 
In the present work, NEXAFS measurement has been done at O- K, Mn-I^ and Ti-
L3,2- edges of bulk BiMn2.xTix05 (0 < x < 0.5) along with other reference compounds at the soft x-
ray beam line 7B1 KIST of the Pohang Accelerator Laboratory (PAL), Korea, operating at 
2.5 GeV with a maximum storage current of 200 mA and for Mn-K edge, BL7C1 beamline 
of the Pohang Light Source (PLS) was utilized. For pristine as well irradiated thin films of 
BiMn205, NEXAFS measurements have been performed at the (European Synchrotron 
Radiation Facility) ESRF's ID08 beamline, which uses an APPLE II type undulator giving ~ 
100 % linear/circular polarization. All scans were collected simultaneously in both total 
electron yield (TEY) and total fluorescence yield (TFY) modes, ensuring both surface and 
bulk sensitivities. 
(ii) X-ray magnetic circular dichroism (XMCD) 
In optics, the term "dichroism" refers to changes in the absorption of polarized light on 
passing through a material in two different directions. First verification of XMCD was done 
in 1987 by Schutz et al. [76] and thereafter this technique in XAS has become a widely 
useful tool as a probe for the element-specific characterization of magnetic materials. The 
growing interest in XMCD stems partly from the growing availability of tunable high 
brilliance x-rays (synchrotron) and is partly from the unique possibility to analyze the 
magnetic moments not only element specific, but also separated into their spin and orbital 
contributions. The concepts of XMCD are illustrated in Fig. 2.1.7 [77]. Simple sum rules 
can be used to separate out the spin and orbital contributions to the magnetism [78, 79]. The 
first x-ray absorption sum rule links the total intensity of the L3 and L2 resonances with the 
N number of empty d states (holes). The d valence shell can hold up to 10 electrons which 
are filled into band states up to the Fermi level and the number of filled states is therefore 10 
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-N. For a magnetic material the d shell has a spin moment which is given by the imbalance 
of spin-up and spin-down electrons or equivalently (except for the sign) by the imbalance of 
spin-up and spin-down holes. In order to measure the difference in the number of d holes 
with up and down spin, we need to make the x-ray absorption process spin dependent. This 
is done by the use of right or left circularly polarized photons which transfer their angular 
momentum to the excited photoelectron. 
Figure 2.1.7 represents the electronic transitions in conventional L-edge x-ray 
absorption (a), and x-ray magnetic circular x-ray dichroism (b, c), illustrated in a one-
electron model. The transitions occur from the spin-orbit split 2p core shell to empty 
conduction band states. In conventional x-ray absorption, the total transition intensity of the 
two peaks is proportional to the number of d holes (first sum rule). By use of circularly 
polarized x-rays, the spin moment (b) and orbital moment (c) can be determined from linear 
combinations of the dichroic difference intensities A and B, according to other sum rules. 
(a) d orbital occupation (b) Spin moment (c) Orbital moment 
Fig. 2.1.7 Concepts of XMCD [77]. 
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To separate the spin and the orbital part of the magnetic moment contribution of transition 
metal (TM), following formulae is used as per sum rule [78, 79]: 
& ) = ^ " , (2.1-10) 
In the above equations, A and B are the areas under the L3- and L2-edge respectively for the 
XMCD curves. C in the above equations is the area under the L3,2-edge XANES spectra and 
m is the number of holes in the 3d orbital of TM. Here we have neglected the magnetic 
dipole operator component. The error introduced in the calculations due to this and other 
sources, like in determination of background, rate of circular polarization and the number of 
electrons/holes in the 3d orbital are less than ~ 10 %. 
In the present study, temperature dependent XMCD spectra at Mn L edges for 
pristine as well as irradiated BiMn2Os thin films have been performed at the ESRFs ID08 
beamline, which uses an APPLE II type undulator giving ~ 100 % linear/circular 
polarization. 
2.1.7 Specific heat measurement 
Specific heat in the simplest form is the amount of heat required to increase the temperature 
of a material by a unit amount. Depending on whether the pressure or the volume is kept 
constant, the specific heat is shown by Cp or Cv respectively. In our measurements the 
pressure is kept constant, hence Cp is measured. 
Specific heat measurements as a part of sample characterisation were made using the 
heat capacity option of the Quantum Design Physical Property Measurement System 
(PPMS) (14 T/0.3 K). This instrument uses a relaxation technique, in which the sample is 
briefly heated and then allowed to cool. The thermal response of the sample is then fit over 
the entire temperature response using a model that accounts for the thermal relaxation of 
both the sample and the sample platform. The samples were attached to the heat capacity 
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platform with Apezion grease. The thermal response of the platform and grease was 
measured separately to allow for the subtraction of this component from the final 
measurement. To achieve maximum accuracy within reasonable time constraints, the system 
was typically allowed to cool for two time constants. Thermal contact with the environment 
was minimised by evacuating the sample chamber to approximately 0.01 mTorr. A sample 
with a flat face is important for these measurements in order to ensure good thermal contact 
between the platform and the sample. The sample platform used for measurements above 2 
K is calibrated and the addenda contributions are subtracted from the measured total specific 
heat. The typical error in the specific heat measurement is estimated to be < 0.5%. 
2.1.8 Raman scattering measurement 
Raman scattering or the Raman effect is the inelastic scattering of a photon, discovered by 
Sir C.V. Raman in liquids and by Grigory Landsberg and Leonid Mandelstam in crystals 
[80]. When light encounters with the air molecules, the predominant mode of scattering is 
elastic scattering, called Rayleigh scattering. This scattering is responsible for the blue 
colour of the sky; it increases with the fourth power of the frequency and is more effective at 
shorter wavelengths. It is also possible for the incident photons to interact with the 
molecules in such a way that energy is either gained or lost so that the scattered photons are 
shifted in frequency. Such inelastic scattering is called Raman scattering. Like Rayleigh 
scattering, the Raman scattering depends upon the polarizability of the molecules. For 
polarizable molecules, the incident photon energy can excite vibrational modes of the 
molecules, yielding scattered photons which are diminished in energy by the amount of the 
vibrational transition energies. A spectral analysis of the scattered light under these 
circumstances will reveal spectral satellite lines below the Rayleigh scattering peak at the 
incident frequency. Such lines are called "Stokes lines". If there is significant excitation of 
vibrational excited states of the scattering molecules, then it is also possible to observe 
scattering at frequencies above the incident frequency as the vibrational energy is added to 
the incident photon energy. These lines, generally weaker, are called anti-Stokes lines. 
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Thornton and Rex [81] pictured a photon of energy slightly higher than the energy 
separation of two levels being scattered, with the excess energy released in the form of a 
photon of lower energy. Since this is a two-photon process, the selection rule is AJ = ± 2 for 
rotational Raman transitions. The energy diagram below (Fig. 2.1.8) is an idealized 
depiction of a Raman line produced by interaction of a photon with a diatomic molecule for 
which the rotational energy levels depend upon one moment of inertia. The upper electronic 
state of such a molecule can have different levels of rotational and vibrational energy. In this 
case the upper state is shown as being in rotational state J with scattering associated with an 
incoming photon at energy matching the J+2 state. 
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Fig. 2.1.8 Raman scattering energy schematic. 
Since the Raman effect depends upon the polarizability of the molecule, it can be observed 
for molecules which have no net dipole moment and therefore produce no pure rotational 
spectrum. This process can yield information about the moment of inertia and hence the 
structure of the molecule. 
In the present study the Raman spectra are collected in backscattering geometry 
using a 10 mW Ar (488 nm) laser as an excitation source coupled with a Labram-HR800 
micro-Raman spectrometer equipped with a 50X objective, appropriate notch filter and a 
Peltier cooled charge-coupled device detector. For the low-temperature Raman 
measurements, the samples were mounted on a THMS600 stage from Linkam UK. During 
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the low-temperature measurements, in the present experimental set up a 1800 g mm-1 
grating is used in high-resolution dispersive geometry. In order to achieve very high 
positional accuracy, the grating was kept unmoved during the entire temperature scan. A 
spectral window of ~ 325 cm-1 was covered with a positional accuracy of 0.33 cm-1 in such 
a configuration. The Raman frequencies and Raman line widths were obtained from the best 
fit to the Lorentzian line shape after baseline correction. 
2.1.9 Magneto-capacitance measurement 
Magnetocapacitance is a property of some dielectric or insulating materials and/or metal-
insulator-metal heterostructures that exhibit a change in the value of their capacitance when 
an external magnetic field is applied to them. Magnetocapacitance can be an intrinsic 
property of some dielectric materials, such as multiferroic compounds [25]. Magneto-
capacitance phenomenon is a characteristic feature for the multiferroic materials which show 
coupling among the magnetic and ferroelectric order parameters and are known as 
magnetoelectric multiferroics [35]. For the magneto-capacitance we measure the dielectric 
constant in the presence of magnetic field. To see the effect of magnetic field on dielectric 
constant, magnetic field scans are done at constant temperatures. Percentage variation of 
dielectric constant as a function of temperature is usually performed to show the magneto-
capacitive coupling and can be calculated using the following formula: 
V ( g W ( 0 ) x l 0 0 | ( 2 . U 1 ) 
where E\H) is the value of dielectric constant in the presence of magnetic field H and 
e'(0) is the value of dielectric constant without magnetic field. 
In the present study magneto-capacitative effect of the samples has been investigated 
using a cryogen free low temperature high magnetic field facility. Dielectric constant in the 
presence of magnetic field was measured using a HP4192 precision LCR meter. 
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2.1.10 Atomic Force microscopy (AFM) 
Atomic force microscopy has been proven a powerful technique for probing the surface of 
the thin film and deducing valuable information of its topological features [82]. The 
precursor to the AFM, the scanning tunneling microscope, was developed by Gerd Binnig 
and Heinrich Rohrer in the early 1980s, a development that earned them the Nobel Prize for 
Physics in 1986. Binnig, Quate and Gerber invented the first AFM in 1986. AFM operates 
by scanning a very sharp and tiny tip attached to the end of a cantilever across the sample 
surface (Fig. 2.1.9). The tip approaches the surface of the sample and interacts with it via 
Van der Waals forces. The interaction translates in a cantilever deflection or a change in the 
cantilever's oscillating frequency, depending on the operational mode of the AFM: contact 
or tapping. The deflection or the frequency changes of the cantilever are detected by an 
optical system consisting of a laser beam, which is reflected on the cantilever. The vertical 
and the horizontal deflections are measured using a split photodiode detector that analyses 
the reflected beam. The displacement of the cantilever in the three directions is done by 
means of a piezoelectric scanner, combining independently operated piezo-electrodes, for X, 
Y and Z direction into a single tube. The two operating modes that have been used, contact-
AFM and tapping-AFM, are described in more detail in the following text. 
(i) Contact Mode AFM 
As we have mentioned the changes in the cantilever's deflection are monitored with a split 
photodiode detector as the tip is scanning the sample surface [83], feedback loop maintains a 
constant deflection between the cantilever and the sample by vertically moving the scanner 
at each data point to maintain a 'set-point' deflection. By maintaining a constant cantilever 
deflection, the force between the tip and the sample remains constant. The force F is 
calculated from Hook's law: F = -kx, where k is the spring constant and x is the deflection. 
Spring constants usually range from 0.01 to 1.0 N/m, resulting in forces ranging from wN to 
/*N. The distance that scanner moves vertically at each point (x, y) is stored by the computer 
to form the topographic image of the surface. 
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(ii) Tapping Mode APM 
In tapping mode, the cantilever is oscillated near its resonance frequency with the amplitude 
ranging typically from 20 to 100 nm. The tip lightly 'taps' the surface while scanning, 
contacting the surface at the bottom of its swing. The feedback loop maintains constant 
oscillation amplitude by maintaining a constant RMS of the oscillation signal acquired by 
the split photodiode detector. In order to maintain constant oscillation amplitude the scanner 
has to move vertically at each point (x, y). The vertical position of the scanner is stored by 
the computer, to form the topographic image of the sample surface. In the present work, to 
study topographic and morphology of the thin films, AFM measurements have been carried 
out using Nanoscope III a (Digital Instruments). 
Split photodiode 
detector 
Fig. 2.1.9. Schematic diagram of Atomic Force Microscope (AFM) 
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2.1.11 Swift heavy ion (SHI) irradiation 
Swift heavy ion (SHI) irradiation experiments have been performed at IUAC, New Delhi 
using 15 UD tandem accelerator. Details about Pelletron accelerator, materials science beam 
line (beam line used for irradiation experiment), basic mechanisms involved during ion-solid 
interaction and models for ion energy loss phenomenon are presented in next subsections. 
(i) Pelletron Accelerator 
The 15 UD Pelletron, as shown in Fig. 2.1.10, is a versatile, tandem type electrostatic heavy 
ion accelerator. This is installed in a vertical configuration in an insulating tank of 26.5-
meter height and 5.5 meter in diameter. In this machine, negative ions are produced and pre-
accelerated to ~ 300 keV by the cesium sputter ion source known as SNICS (Source of 
Negative Ions by Cesium Sputtering), now it has been replaced by MCSNICS (Multi 
Cathode SNICS). The pre-accelerated ions are injected into strong electrical field inside an 
accelerator tank filled with SF6 insulating gas maintained at a pressure of 6-7 atmospheres. 
The ion beam is selected by injector magnet, which selects the mass of the ion using mass 
spectroscopy. The ions are mass analyzed by a dipole magnet called injector magnet and are 
tuned vertically to downward direction. The ions then enter in the strong electrical field 
inside the accelerator. A terminal shell of about 1.52 meter in diameter and 3.61 meter in 
height is located at the center of the tank, which can be charged to a high voltage (~15 MeV) 
by a pellet charging system. The negative ions on traversing through the accelerating tubes 
from the column top of the tank to the positive terminal get accelerated. On reaching the 
terminal, they pass through the stripper (foil or gas), which removes electrons from the 
negative ions and transforms the negative ions into positive ions with high charge state. For 
heavier ions (A> 50), the lifetime of the carbon foils used in the stripper are limited to a few 
hours due to radiation damage. Therefore, a gas filled canal or a combination of the gas 
stripper followed by a foil stripper is used for heavy ions. The transformed positive ions are 
then repelled away from the positively charged terminal and are accelerated towards ground 
potential to bottom of the tank. In this way same terminal potential is used twice to 
accelerate the ion in tandem. Hence, the name given to this accelerator is a Tandem 
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Pelletron Accelerator. The final energy of the emerging ions from the accelerator is given 
by, 
£,=[£^o,+0+<7,F] (2.1.12) 
where £; is the energy of the ions having a charge state qt after stripping, V is the terminal 
potential in MV and E decpot is the deck potential of the SNICS source. On exciting from the 
tank, the ions are bent into horizontal plane using analyzing magnet. This magnet works as 
an energy analyzer and depending on the dipole magnetic field, ions of particular energy 
travel in the horizontal direction. The switching magnet diverts the high-energy ion beam 
into selected beam line of the beam hall. The ion beam kept centered and focused using 
steering magnets and quadruple triplet magnets. The beam line of the accelerator is in ultra 
high vacuum (UHV) condition (~10"10 mbar). The beam is monitored by beam profile meter 
(BPM) and the current is observed using Faraday cups. The entire machine is computer 
controlled and is operated from the control room. The accelerator can accelerate ions from 
proton to uranium from a few MeV to hundreds of MeV (200 MeV) depending on the type 
of ion. 
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Fig. 2.1.10: Schematic of the 15UD Pelletron at IUAC, N e w Delhi, India. 
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(ii) Materials Science Beam Line 
The accelerated beam from the Pelletron accelerator is brought to the beam hall and can be 
switched to any of the seven beam lines by using the switching magnet. Materials Science 
beam line is at 15° to the right w.r.t. the zero degree beam line. This beam line has three 
chambers, namely, high vacuum chamber, ultra high vacuum chamber and goniometer 
chamber. The high vacuum chamber is a cylindrical shaped multiport stainless steel 
chamber. A view of the high vacuum chamber is shown in Fig. 2.1.11 (a). The irradiation 
experiments were performed in high vacuum chamber (~ 10"6 mbar) at room temperature in 
materials science beam line (see Fig. 2.1.11(b)). The samples to be irradiated were mounted 
on the four sides of the target ladder (on copper block). The whole body of the ladder is 
made of stainless steel and a perforated square copper block is brazed at the end of the 
ladder. The target ladder is mounted through a Wilson seal mechanism from the top flange 
of the chamber. This top flange is connected to the chamber through a flexible bellow that 
can be expanded up to 11 cm from its minimum position. A stepper motor in conjunction 
with suitable mechanical assembly is used to control the up and down motion of the ladder. 
The beam on the ladder can be observed by examining the luminescence of the beam on the 
quartz crystal mounted on all sides of the ladder. After the observation of the beam on the 
quartz, the sample to be irradiated is brought to the same position as that on the quartz by 
moving the ladder in the desirable position. A CCD camera is attached to one of the ports of 
the chamber for viewing the sample and the quartz position. The positions can be monitored 
using close circuit television (CCTV) in the data acquisition room. The magnetic scanner 
(that can sweep the beam by 15 mm in y-direction and 15 mm in x-direction) ensures the 
uniformity of irradiation. A cylindrical enclosure of stainless steel surrounds the sample 
ladder, which is kept at a negative potential of 120 V. This enclosure suppresses the 
secondary electrons coming out of the sample during the irradiation. An opening in the 
suppressor allows the ion beam to fall on the sample. The total number of ions/charges 
falling on the sample can be estimated by a combination of the current integrator and the 
pulse counter (Faraday cup) from which the irradiation fluence/dose can be measured. 
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The counts for the desired ion fluence for each sample can be calculated using the following 
relation: 
w r £ > O ^ X « x l . 6 x l O " ' 9 
No. of counts = - (2.1.13) 
PulseHeight 
Fig. 2.1.11. An overview of (a) Experimental chamber and (b) materials 
science beam line at Inter-University Accelerator Center, New Delhi, India. 
(iii) Ion Solid Interaction 
When an energetic ion passes through the matter, it experiences a series of elastic and 
inelastic collisions with the atoms which lie in its path. These collisions occur because of the 
interaction forces between the nucleus and electrons of the projectile and those of the atoms 
which constitute the solid target. During this collision the energetic ions transfer its energy 
to nuclei (by elastic atomic collision) and electron (by ionization and excitation) of the target 
material by two processes: 
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1. Elastic collision with the target atoms leading to displacement of atoms from their regular 
lattice sites. This mode of energy transfer is known as nuclear energy loss denoted by 
(dE/dX)n or Sn. It is well known mechanism of defect creation in the low energy regime (few 
eV to 100 keV) and has negligible contribution at high energy regime (1 MeV and above). 
2. Inelastic collision with the target electrons causes their excitation/ ionization. This mode 
of energy transfer is referred to as electronic energy loss (dE/dX)e or Se. 
Fig. 2.1.12 shows the schematic of the two mechanisms that occur during the ion solid 
interaction. 
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Fig. 2.1.12. Ion-solid interaction: demonstration of electronic and nuclear 
energy loss processes during ion solid interaction. 
It is well known fact that when a material is bombarded by the heavy ion irradiation, it 
creates cylindrical damage zones in the material. When SHI passes through the material then 
material in the vicinity of the ions trajectory may be transformed into a disordered state, 
giving rise to the so called latent track (damage zone created along the path of the swift 
heavy ion). In case of SHI irradiation, electronic energy loss is the most considerable 
energy loss process. The emergence of these traces is the result of local electronic energy 
deposition along the ion path. Therefore, a number of experimental results have shown that 
the higher electronic excitations can induce the structural modifications. This implies that all 
the Se dependent effects induced in different materials are probably related to the basic 
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energy transfer between the incident ions and the target atoms. Two basic models of 
microscopic energy transfer mechanism, namely thermal spike and the coulomb explosion 
have been used to establish the relevant parameters governing the basic energy transfer 
process. 
(a) Thermal Spike Model 
Thermal spike model is based on the transient thermal process. This model was developed 
to explain the phase transformation after the SHI irradiation. According to this model the 
heavy ion irradiation may increase the lattice temperature that induces solid to liquid phase 
transformation into a localized zone of few nanometer (nm), which is followed by the 
thermal quenching (1013 K/s) of a cylindrical molten liquid along the ion track. This results 
in the formation of highly disordered or amorphized latent track. The threshold value for the 
creation of the latent tracks is associated with the energy needed to induce a liquid phase 
along the ion path [84, 85]. 
In this process, the incoming ion gives its energy to the electron gas in ~10" sec 
which is calculated from the collision time of ion with electron. The local thermalization in 
electronic system will take 10"15 sec to complete. Heat transfer from the electronic to atomic 
subsystem becomes substantial between 10"14to 10"12 sec depending on the magnitude of the 
coupling (electron-electron coupling and electron-phonon coupling) between the 
subsystems. The electron- phonon coupling implies the ability of electrons to transfer their 
energy to the lattice. 
(b) Coulomb Explosion Model 
In the Coulomb explosion model [86-87], it is assumed that the incoming ions scatter the 
target electrons and create a column/cylinder of ionized atoms and the excited electrons are 
ejected by the Coulomb repulsion. The electron excitation energy is rapidly shared with 
other electrons via electron-phonon (e-ph) interaction. The mutual Coulomb repulsion of the 
ions produces atomic displacements leading to a dense cloud of interstitial atoms and 
vacancies along the original ion trajectory. This model seems to be well suited for the 
insulating materials. In metals, which have large electronic mean free path, the free electrons 
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carry away the excitation energy so efficiently that the sample warms up as a whole without 
considerable atomic motion. 
In the present work, the thin films of the BiM^Os multiferroic samples deposited on 
LaA103 (LAO) substrate have been irradiated with 200 MeV Ag' ions. The Ag ions were 
selected to create the columnar defects. In fact, the defect morphology depends upon 
threshold value of the particular material to be irradiated [88]. The electronic energy loss, 
(dE/dx)e, of the 200 MeV Ag ion beam for the same samples is about 14.25 keV/nm, which 
is larger than the Seth, Therefore, there is a possibility of creation of columnar defects /tracks 
in the materials. The variation of (dE/dx)
 e and (dE/dx)n, calculated using SRIM code for 
200 MeV Ag ions incident in BiM^Os is shown in Fig. 2.1.13. 
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Fig. 2.1.13. Variation of (dE/dx)e and (dE/dx)n versus energy in B i M n 2 0 5 for 
200 MeV Ag ions. 
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2.2 Theoretical Formalisms 
2.2.1 Theory of specific heat and anhormonic 
corrections 
The specific heat in general is defined by — and unless stated otherwise, will be assumed 
dT 
to refer to 1 gm of molecule of the solid. However unless one specifies in which way the 
increase in temperature takes place, the specific heat is undetermined; in particular one must 
specify the corresponding change in volume. Thus, there exist an infinite number of specific 
heats, but in general one is interested in only two; specific heat at constant volume Cv and 
specific heat at constant pressure Cp. Cv can be calculated as 
[dT) V [dT) 
theoretically speaking, this is the most interesting quantity, as it is obtained immediately 
from the energy of the system. From the experimental point of view, however, it is more 
convenient to measure the specific heat of a solid at constant pressure than at constant 
volume. 
From the atomic point of view one may distinguish between various contributions to 
the specific heat of solids. In the first place, there is the contribution resulting from the 
atomic vibrations in the crystal; an increase in temperature is associated with a more 
vigorous motion of the atoms, which require an input of energy. Second, in metals and in 
semiconductors there is an additional contribution to the specific heat from the electronic 
system. Usually this contribution is small relative to that of lattice contributions. As the 
temperature is raised from the absolute zero, the specific heat increases rather rapidly from 
zero and finally levels off to a nearly constant value. For a solid having same type of atoms, 
the value at high temperature is about 6 cal mole"1 degree"1. This is known as the law of 
38 
Dulong and Petit. Anomalies in the specific heat curves are observed in the magnetic metals; 
for example in nickel, iron and cobalt, a peak is observed in the vicinity of magnetic 
transition temperature. This is true for any kind of solids, viz. inter-metallic, oxides etc. The 
height of the peak is of the same order of magnitude as the normal specific heat. The peak is 
associated with the transitions from the ordered (ferromagnetic) to the disordered 
(paramagnetic) state. Similar peaks occur in the specific heat of alloys which exhibit order-
disorder transitions, and in the ferroelectric materials. 
In case of pure and Ti doped multiferroic Bilvfr^ Os system, these are insulators so we 
neglect the electronic contributions and the analysis is focused on the lattice contribution as 
well as the contributions due to magnetic and ferroelectric ordering in the system. In order to 
confirm the magnetic and ferroelectric contribution in any kind of system, the best approach 
is always other way round i.e. calculation of lattice contribution by considering the non-
magnetic analog to the system and subtraction of lattice contribution from the total measured 
specific heat. 
There are various theories of the lattice specific heat. The vibrational energy of a 
crystal containing N atoms is equivalent to the energy of a system of 3N harmonic 
oscillators. This feature is common to all theories of the specific heat and the distinction 
between the various theories is based on their differences in the proposed frequency 
spectrum of the oscillators. The central problem in the theory of the specific heat is therefore 
the calculation of the wavelengths and frequencies of the possible modes of vibration of the 
crystal under consideration. 
For the harmonic oscillator representation referred above, the following qualitative 
remarks may provide some clarification. Suppose, it was possible to fix the position of all 
the nuclei in a crystal such that they all in their equilibrium position. If one of the nuclei was 
now displaced over a distance small compared to the shortest interatomic distances, and then 
set free again, the displaced atom would carry out harmonic vibrations about its equilibrium 
position and the energy would be same as that of three one-dimensional harmonic 
oscillators. Applying the same reasoning to other atoms in the crystal, one arrives at a 
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system of 3N harmonic oscillators representing the vibrations of the crystal as a whole. The 
energy of a harmonic oscillator of natural angular frequency co may be written as; 
s = p2 /2m + mo)2q212 (2.2.2) 
Where the first term on the right represents the kinetic energy (p is the momentum) and the 
second term represents the potential energy (q is the deflection from equilibrium position). It 
is well known that the average energy of a harmonic oscillator according to classical 
statistical mechanics is given by 
{e)=£ee-"krde/ [e-e,kTds = kT (2.2.3) 
Where T is the absolute temperature and k is the Boltzmann's constant. It is important to 
mention here that the frequency does not enter in this result. In other words, the vibrational 
energy of a crystal of N atoms is; 
E = 3N£T (2.2.4) 
independent of the frequency distribution of the oscillator used in the model. Now, as long 
as the volume/pressure is kept constant, eq (2.2.4) is the only temperature dependent 
contribution to the total energy of the system. Thus, for a solid containing one type of atoms 
and putting N equal to Avogadro number, one obtains for specific heat per gram atom, 
C = 3N£ = 3R = 5.96 cal degree'1 mole-1 (2.2.5) 
where R is the gas constant. Similarly, if the solid consists of N atoms of type A and N 
atoms of type B, the specific heat per mole would be 6R, etc. The result obtained is in 
quantitative agreement with experiment (if sources of the specific heat other than lattice 
vibrations are subtracted) at high temperatures only. In other words, it does not explain the 
decrease of the specific heat at low temperatures, as observed for all solids. This discrepancy 
is essentially removed when quantum theory is used. Now we will discuss about the 
quantum theory treatment to the specific heat using Debye and Einstein approximation. 
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The common approach to the phonon part of molar specific heat is usually limited just to the 
harmonic term within the Debye approximation written in the form [89] 
CphD=9NKB 
T^\ |-xP s4exp(s) ^ 
?„)*> [exp(*)-l] (2.2.6) 
where xD=GDIT and k^  is the Boltzmann constant. In this case, when there are 8 
atoms/f.u., N is taken as 8N^ and the high-temperature limit yields Cph = 24i? (R is the gas 
constant), which is the Dulong-Petit law. Such approach to the phonon part of specific heat 
in this class of intermetallics usually leads to the high Debye temperature 0£> values. We 
have observed, however, that this approach is not sufficient to explain fully the specific heat 
dataofBiMn20s. 
When one considers a temperature dependent QD, in this case a better agreement with 
the low-temperature part of the specific heat data is obtained. Nevertheless, the description 
of the high-temperature data remains unsatisfactory and, moreover, the temperature 
dependence of the Debye temperature is unrealistic. 
The best description of the low temperature part of the phonon specific heat has 
been achieved by considering the splitting of the phonon spectrum into the acoustic and 
optical branches. The acoustic branches are then described by the Debye formula and for the 
optical branches the Einstein's approximation can be expressed in the form [89] 
CphE = RYxl eXp(XE,) 2 (2.2.7) 
phE
 tT £ '[exP(*£i)-l]2 
where xE=6E IT and G^  is the characteristic Einstein temperature of each optical branch. 
In the present case of BilVh^Os, the lattice contribution has been obtained by fitting the data 
to two Einstein optical modes, one associated with the Bi - Mn atoms and the other with the 
O atoms. The oscillator corresponding to the Bi - Mn atoms is centered at QEI and the other 
at 0£2. The estimation of the lattice contribution is carried out by trial and error, where the 
temperature regions of the data used for the fitting are adjusted until valid results are 
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obtained. In order to avoid the contribution of magnetic anomaly, the data near to the 
magnetic anomaly (~ 39 K) is not used (we have left the 5 to 45 K region). This description 
gives the best fit in the low-temperature part of the specific heat, say up to 100 K. At higher 
temperatures, the difference between the fit and the experimental data was found to increase. 
As the temperature approaches to room temperature, the phonon part of specific heat 
exceeds the Dulong-Petit limit, which indicates that it cannot be described within the 
harmonic approximation. Because of this, one has to include the anharmonic terms into the 
analysis of the phonon part of specific heat. These anharmonic corrections are small but not 
negligible and, in general, add a linear temperature contribution to CPh at high temperatures. 
We have selected the approximation described in detail by C.A. Martin [90]. In this 
approximation, the phonon spectrum is again described by the modified Einstein formula. 
Then the resulting isobaric phonon specific heat can be written in the form 
" i xl exp(xn) C = RY — E> FV *' (2.2.8) 
phE
 t r i - ^ r [ e x p ( V - l ] 2 
where as is the anhormonic correction coefficient for optical model. The estimated lattice 
contribution for BiM^Os is considered to be same for Ti doped samples in nonmagnetic 
approximation. The excess specific heat (C,0,a/-Qa«/Ce) is then obtained by subtracting the 
lattice contribution from the measured specific heat. 
2.2.2 Extraction of crystallographic data from powder 
x-ray diffraction data using Rietveld refinement 
method 
It was Rietveld (i) who first worked out computer based analytical procedures (quite 
sophisticated for the time, as it turned out) to make use of the full information content of the 
powder pattern, (ii) who put them in public domain by publication of two seminal papers 
42 
(1967, 1969) [91] and (iii) very importantly, freely and widely shared his computer program. 
It is for these reasons that the method is appropriately referred to now as 'the Rietveld 
method', or 'Rietveld refinement', or 'Rietveld analysis'. In the Rietveld method the least-
square refinements are carried out until the best fit is obtained between the entire observed 
powder diffraction pattern taken as a whole and the entire calculated pattern based on the 
simultaneously refined models for the crystal structures, diffraction optics effects, 
instrumental factors and other specimen characteristics (e.g. lattice parameters) as may be 
desired and may be modelled. A key feature is the feedback during refinement, between 
improving knowledge of the structure and improving allocation of observed intensity to 
partially overlapping individual Bragg reflections [92]. 
The quantity minimized in the least-squares refinement is the residual, S^; 
Sy^w^-yJ (2.2.9) 
i 
where wi = 1 / y, 
y,= observed (gross) intensity at the ith step 
yel = calculated intensity at the ith step, 
and sum over all the data points. 
It is crucial feature of Rietveld method that no effort is made in advance to allocate observed 
intensity to particular Bragg reflections nor to resolve overlapped reflections. Consequently, 
a reasonably good starting model is needed. The method is structure refinement method. It is 
not a structure solution method. 
Typically, many Bragg reflections contribute to the intensity, y,, observed at any 
arbitrarily chosen point, /„ in the pattern. The calculated intensities ycl are determined from 
the \Fk\ values calculated from the structural model by summing of the calculated 
contributions from neighbouring (i.e. within a specified range) Bragg reflections plus the 
background; 
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y^^LM^W-MMA+y,,, (2.2.10) 
where 
S is the scale factor 
K represents the miller indices, h, k, I, for Bragg reflections 
Lk contains the Lorentz, polarization and multiplicity factor 
$ ios the reflection profile function 
Pk is the preferred orientation 
A is an absorption factor 
Fk is the structure factor for the Kth Bragg reflection and 
y>bi is the background intensity at the ith step. 
The least square minimization procedures lead to a set of normal equations involving 
derivatives of all the calculated intensities, yci, with respect to each adjustable parameter 
and are soluble by inversion of the normal matrix with elements M/t formally given by 
J ^ = - 2 > , (yi-y*) d
2ycl 
dXjdxk 
(* \ dy, 
KdxJJ 
Co.. \ dy, 
VdxkJ 
(2.2.11) 
where the parameters x7, x* are the adjustable parameters. In this algorithm, it is common 
practice to approximate the matrix elements by deletion of the first term, that in {yt -yci). 
One is thus dealing with the creation and inversion of an m by m matrix, where m is 
the number of parameters being refined. Because the residual function is non-linear, the 
solution must be found with an interative procedure in which the shifts Axk, are 
(2.2.13) 
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The calculated shifts are applied to the initial parameters to produce an improved model and 
the whole procedure is then repeated. Because the relationships between the adjustable 
parameters and the intensities are non-linear, the starting model must be close to the correct 
model or the non-linear least square procedure will not lead to a global minimum. Rather, 
the procedure will either diverge or lead to a false minimum if the starting point is in its 
domain. (This is true for all non-linear least-square refinements, not just Rietveld 
refinement). 
In general, it is important to judge, whether to keep a parameter turned on for 
refinement as one proceeds to turn on the following parameters, or to turn it off to prevent 
the refinement from 'blowing up.' Simultaneous refinement of highly correlated parameters 
causes this problem and must be avoided. For example, occupancies and displacements 
parameters should not be simultaneously refined. Similarly, the overall scale factor should 
not be refined at the same time as the occupancy factors of all of the atoms. One among 
these parameters must be fixed. Also, it is important to refine the parameters most 
uncorrelated with other parameters first. The refinement strategy suggested in Young's 
"Rietveld Method" [92] is 
1. Scale factor - stable 
2. Specimen displacement - stable 
3. Flat background - stable 
4. Lattice parameters - stable 
5. More background - stable 
6. W, in the Caglioti function for peak widths-poorly stable 
7. x, y, z (atomic coordinates) - fairly stable 
8. Occupancies and isotropic (thermal) displacement parameters - not generally stable 
9. U, V, (in the Caglioti function) and other profile parameters - not generally stable 
10. Aniostropic (thermal) displacement parameters - not generally stable 
11. Zero point - stable 
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In most cases it is not very meaningful to refine anisotropic displacement parameters using 
conventional X-ray diffraction data. One must limit the refinement to isotropic parameters in 
order to prevent the displacements of the atoms from becoming 'non-positive definite'. 
There are various programs available for the Rietveld refinement method, we have 
used the FulIProf program, which is based on the code of the DBW program. This, in turn, is 
also a major modification of the original Rietveld-Hewat program. An early version is 
discussed in the Young and Wiles article published in J. Appl. Cryst. [93] and described in 
the user's guide distributed by R.A. Young. 
Features of FulIProf program 
Some of the most important features of FulIProf program are summarised below: 
X-ray diffraction data: laboratory and synchrotron sources. 
Neutron diffraction data: Constant Wavelength (CW) and Time of Flight (TOF). 
One or two wavelengths (eventually with different profile parameters). 
The scattering variable may be 20 in degrees, TOF in microseconds and Energy in 
KeV. 
Background: fixed, refinable, adaptable, or with Fourier filtering. 
Choice of peak shape for each phase: Gaussian, Lorentzian, modified Lorentzians, 
pseudo-Voigt, Pearson-VII, Thompson-Cox-Hastings (TCH) pseudo-Voigt, 
numerical, split pseudo-Voigt, convolution of a double exponential with a TCH 
pseudo-Voigt for TOF. 
Multi-phase (up to 16 phases). 
Preferred orientation: two functions available. 
Absorption correction for a different geometries. Micro-absorption correction for 
Bragg-Brentano set-up. 
Choice between three weighting schemes: standard least squares, maximum 
likelihood and unit weights. 
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Choice between automatic generation of hkl and/or symmetry operators and file 
given by user. 
Magnetic structure refinement (crystallographic and spherical representation of the 
magnetic moments). Two methods describing the magnetic structure in the magnetic 
unit cell for making use of the propagation vectors using the crystallographic cell. 
This second method is necessary for incommensurate magnetic structures. 
Automatic generation of reflections for an incommensurate structure with up to 24 
propagation vectors. Refinement of propagation vectors in reciprocal lattice units. 
hkl-dependence of (full width at half maximum) FWHM for strain and size effects. 
hkl-dependence of the position shifts of Bragg reflections for special kind of defects. 
Profile Matching. The full profile can be adjusted without prior knowledge of the 
structure (needs only good starting cell and profile parameters). 
Quantitative analysis without need of structure factor calculations. 
Chemical (distances and angles) and magnetic (magnetic moments) slack constraints. 
They can be generated automatically by the program. 
The instrumental resolution function (Voigt function) may be supplied in a file. A 
microstructural analysis is then performed. 
Form factor refinement of complex objects (plastic crystals). 
Structural or magnetic model could be supplied by an external subroutine for special 
purposes (rigid body TLS is the default, polymers, small angle scattering of 
amphifilic crystals, description of incommensurate structures in real direct space, 
etc). 
Single crystal data or integrated intensities can be used as observations (alone or in 
combination with a powder profile). 
Neutron (or X-rays) powder patterns can be mixed with integrated intensities of X-
rays (or neutron) from single crystal or powder data. 
Full Multi-pattern capabilities. The user may mix several powder diffraction patterns 
(eventually heterogeneous: X-rays, TOF neutrons, etc.) with total control of the 
weighting scheme. 
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• Montecarlo/Simulated Annealing algorithms have been introduced to search the 
starting parameters of a structural problem using integrated intensity data. 
Unit cell schematic representation 
Crystallographic parameters refined from powder x-ray diffraction data using Rietveld 
refinement technique have been used to draw the unit cell structure of BiM^Os. FullProf 
program provides the .ciffile as a output file, which has been used as a single input file in 
Jmol program to get a unit cell schematic in the form of polyhedrons. Jmol program is freely 
available at Inorganic Crystal Structure Database (ICSD) web site [94]. Let us know, what 
are cifand Jmol. 
What is CIF? 
The CIF format is the standard defined by the IUCr. It is advised to check the CIF file using 
one of the free CIF syntax checkers e.g. (chemistry and crystallography department at 
Cambridge) CCDC's free Encifer. One should in particular check the symmetry operations, 
for example by using CCD's Mercury molecular plotting application. Some journals (eg 
IUCr's Acta Cryst) publish the original CIF files, and these should be used when available 
rather than these CIF files re-generated from the ICSD data. 
What is Jmol? 
Jmol is a Java application for embedding interactive 3D crystal structures within a Web 
page. One should have Java Runtime Environment (JRE) installed in the machine. Jmol can 
display anisotropic thermal vibration matrices Uy or By. 
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Chapter 3 
Multiferroic BiMn205: An insight 
3.1 Introduction 
The multiferroic series RMni-Os (R3+ Mn3+ Mn4+ 052"; where R is rare-earth, Y or Bi), a 
family of materials which order antiferromagnetically followed by a ferroelectric transition 
around ~ 40 K, has created a lot of interest in recent years [7, 11, 52, 64, 95-107, 115, 132 ]. 
In these materials the ferroelectric transition occurs at a lower temperature compared to the 
magnetic transition, which is unusual. This can be visualized by the generation of electrical 
polarization with the application of an external magnetic field. At this juncture, it is 
interesting to investigate the origin of ferroelectric polarization in these materials. Now the 
question is, whether the polarization may arise or not spontaneously due to the presence of 
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internal magnetic fields by certain magnetic ordering inside the material? In this sequence, 
acentric spin density waves, which are the most probable magnetic structure for this class of 
materials, have been reported to be responsible for the ferroelectricity in these systems 
[100]. Further, in general, the magnetic twist for ferroelectricity has now been classified 
depending upon their ground state spiral magnetic structure and interactions [8, 11]. Some 
efforts have also been made to solve this puzzle using structural anomalies during transitions 
[96, 101]. In order to make clear understanding about these transitions, one must have exact 
information regarding their electronic structures, explicitly responsible for all sorts of 
properties. 
The detailed structure and unit cell parameters of single crystals of RM^Os was 
investigated by Quezel-Ambrunaz et al [53] and Bertaut et al [54]. At room temperature, 
these systems show mixed valence Mn-sites (Mn3+/Mn4+), having orthorhombic symmetry 
described by the space group ?bam (No. 55) and Z = A. Figure 3.1 shows a unit cell 
structure of pure BiM^Os, which have four different oxygen sites (01, 02, 03 and 04). In 
unit cell, Bi3+ and 02 are coordinated at 4g (x,y,0); Mn4+ at 4 / (0 , - ,z); Mn3+ and 03 at Ah 
(x,y, —); 01 at Ae (0,0,z) and 04 at 8/ (x,y,z). Since the manganese ions occupy two sites 
with different oxidation states of+3 and +4, the Mn4+ (t2g3eg°, S=3/2) ions located at 4/site 
are octahedrally coordinated to oxygen (in cryan). These Mn4+06 octahedra share edges via 
02 and 03 to form infinite chains along the c axis. The Mn3+ (t2g3eg1, S = 2) ions positioned 
at Ah site are coordinated to five oxygens present at the apex of a distorted tetragonal 
pyramid (in red). Mn3+Os pyramids interconnect to the Mn4+06 octahedra along the c axis 
via 03 and 04. The larger R3+ ions (in green) surrounded by eight oxygen atoms form ROs 
units. In this polyhedron, the measured values of two nearest Bi-04 distances (obtained from 
Rietveld refinement) i.e. 2.37 A and 2.77 A, are in agreement with earlier report [64] but 
sensibly different from the other members of R. For example, La-04 bond lengths are 2.49 
A and 2.56 A as testified by others [98]. The BiOg polyhedral units in Fig. 3.1 are slightly 
more distorted than other ROs units in RM^Os due to the influence of Bi lone pair electrons 
and is consistent with earlier report by Prellier et al [20]. In orthorhombic RM^Os, the spins 
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of the Mn * and Mn3* ions and R3f are coupled together via the predominantly AFM super-
exchange (SE) interactions giving rise to a complex magnetic phase diagram [102]. 
AFM 
Fig. 3.1: Schematic crystal structure of BiMn205 and magnetic structure in ab 
plane along the c axis. 
The common features for all RM^Os are having a transition to a high-temperature Neel 
phase with two component incommensurate (IC) magnetic modulation characterized by a 
wave vector q = (qx, 0, q:) at TJVI = 39 K and followed by a lock-in transition into a 
commensurate (CM) phase with q = (0.5, 0, 0.25) at Tc/. Another transition at lc2 (lower 
than Tc/) [107] is accompanied by a change in the polarization and is often referred to as a 
second FE transition (not observed in BiM^Os). Variation in transition temperatures due to 
lattice in connection with the size of R (for Sm, Dy and Y) has been studied by Tachibana et 
al [95]. They have concluded that transition temperatures increase monotonically with the 
decreasing size of R. In some rare earth compounds (e.g., HoM^Os, DyMniOs), additional 
magnetic anomalies have been observed, which are yet to be explored [105, 106]. 
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This thesis is all about BiM^Os multiferroic; more precisely the effect of Ti substitution as 
well as effect of swift heavy ion (SHI) irradiation have been studied. This Chapter is aimed 
to provide detailed insight information on BiM^Os multiferroic only, before proceeding to 
next chapters, where the effect of Ti substitution and SHI irradiation are discussed. 
Structural, magnetic, dielectric and heat capacity data of BiM^Os presented in this chapter 
are in good agreement with the previously reported data. In order to understand the origin of 
multiferroicity in orthorhombic BiM^Os, it is essential to investigate the electronic 
structure including the valence states of functioning ions. In principle, these investigations 
are possible by employing the soft x-ray absorption spectroscopy (XAS). There is no 
experimental report on the electronic structure of RJVh^Os family of materials, possibly due 
to difficulties arising in the electron spectroscopy studies as these systems are good 
insulators. Along with confirmation of multiferroic anomalies, data on the O \s XAS, and 
Mn 2p XAS of polycrystalline BiMn205 samples at room temperature are presented. Mn 2p 
XAS spectra has been compared to those of reference materials having different formal 
valances of Mn in the compounds MnO, MnCh and KMn04. All the possible hybridization 
of O 2p and Mn 3d orbital incorporated with the participation of Bi 6s and 6p orbital is 
presented. 
3.2 Results and discussion 
Figure 3.2 (a) represents the Reitveld refinement x-ray pattern for BiM^Os, the parameters 
extracted from this analysis [structure Orthorhombic, s. g. Vbam, a = 7.5642 A, b = 8.53055 
A, c = 5.7895 A, volume = 371.22433 A3, x2=1.6] are in agreement to the reported results 
[13 JAP]. The site symmetry analysis [108] of the ?bam structure of BiM^Os yields a total 
96 T-point phonon modes, out of these 48 phonon modes are Raman-active (YRaman = \2>AS + 
13B/K+ HB2g+ 11 Big). Figure 3.2 (b) shows the unpolarized Raman spectra for BiM^Os. 
All the 19 Raman peaks were identified at 185, 195, 200, 235, 245, 280, 300, 325, 345, 360, 
405, 445, 480, 510, 545, 565, 595, 610 and 655 cm'1 for the spectra collected between 100 to 
800 cm"1. These Raman modes are in agreement to the earlier report by Garcia Flores et al 
[96] for BiMn205 and correspond to single phase character. 
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Fig. 3.2: (a) Reitveld profile analysis for BiM^Os . (b) Room temperature 
Raman spectrum of BiMn205. 
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Fig. 3.3: (a) Temperature vs. dc susceptibility (x) and its reciprocal measured 
under 0.5 kOe, in ZFC and FC conditions (Inset shows isothermal dc 
magnetization curve at T = 5 K) (b) Temperature vs. dielectric constant at fix 
frequency of 100 kHz and (c) Variation of specific (C) heat with temperature 
at 0, 9 and 14 T magnetic fields. 
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Fig. 3.3 (a), 3.3 (b) and 3.3 (c) represent the characteristic 
antiferromagnetic, ferroelectric and specific heat anomaly corrSs 
magnetic/ferroelectric transitions respectively. Isothermal magnetization curve in inset of 
Fig. 3.3 (a) confirms presence of antiferromagnetism at 5 K. Further specific heat data has 
no variation even with the application of 14 T magnetic field (Fig. 3.3 (c)), due to the 
strongly correlated electron behaviour of this system. The low temperature specific heat 
(LTSH) data has been fitted (not shown here, discussed in detail in Chapter 5) by the 
expression 
C = yT+)(?T3 + BT5 (3.1) 
The linear term is associated with the charge - carrier contribution; the /?T3 term 
corresponds to the lattice contribution and the last term BT8 (8 = 3/2 for ferromagnetic 
contribution and 2 for 2D antiferromagnetic) is related to the spin-wave excitations. First 
the data were tried to fit using all three terms in Eq. (3.1) resulting in negative value of 
parameters. By considering the data from 2 K to 16 K, the best fit is obtained if the linear 
term is neglected and 8 = 2. The fitted parameters for lattice contribution, ft (0.0012 J/mol 
K4) and magnon contribution, B (0.0049 J/mol K3) well matches with the data by Munoz et 
al [64]. The Debye temperature ®D (~ 235 K) is calculated from /? through the expression 
®D = (127t4nR / 5p), R being the gas constant and n the number of atoms per formula unit. 
An active role of the orbital degrees of freedom in the lattice and electronic response can be 
most typically observed in manganese perovskite oxides. As a matter of fact, such properties 
appear to have their origin in the unique electronic structure derived from the hybridized Mn 
3d and O 2p orbitals in the particular structural and chemical environment of a perovskite. 
Therefore, the resulting intra-atomic exchanges and the orbital degrees of freedom of Mn 3d 
electrons play essential roles in this constellation. XAS spectra were assessed at the Mn L-
edges and O K-edges for BiM^Os samples. The former directly proves the unoccupied Mn 
3d states via 2p^>3d transitions. Nevertheless, the later establishes the unoccupied O 2p 
states via O b->2/? dipolar transitions to provide information on the Mn 3d occupancy on 
the hybridization between the O 2p and Mn 3d orbitals. 
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Mn 2p (L3,2 -edge) NEXAFS spectra of BiM^Os and comparison to the reference 
compounds KMnCU (Mn 7+) , MnCh (Mn 4+) and MnO (Mn 2+) having different formal 
valences are shown in Fig. 3.4 It is well known that peak position and line shape of Mn 2p 
NEXAFS spectra depend upon the local electronic structure of the Mn ion, so that the Mn 2p 
XAS spectra provides information about the valence state of the Mn ion [109]. The spin 
orbit interaction of the Mn 2p core states splits the spectrum into two broad multiplet, 
namely L3 (2p3/2) and L2 (2pu2) are ~ 11 eV apart. Each of these two regions further split 
into t2g and eg orbital features because of crystal field effect of ligand ions. The spectral 
shape in case of transition metal ions changes drastically with either the strength of the 
crystal field or the relative magnitudes of the exchange and 3d spin-orbit interactions [110, 
111]. These observations show that peak position shifts towards the higher energy as the 
valence state of the Mn ions increase in the respective reference compounds. In MnC>2, Mn 
ions have 4+ oxidation state with all the eg subbands empty, so the intensity due to eg 
subbands is more than the t2g subbands. However, in MnO, Mn (2+) ions having 3 t2g 
subbands and 2 eg subbands empty, so due to more unoccupancies in t2g, the peaks due to it 
are much more intense. Similar is the case in BiM^Os where eg subbands are more 
unoccupied than the t2g subbands. BiM^Os spectra looks almost similar to the MnC>2 (4+) 
with an admixture of Mn 3+, arising from the fact that they both are having the same 
geometrical structure around Mn ion. For Mn2C>3, the L3 edge peaks are ~ 1.5 eV lower than 
the (from Ref.112) that of MnC>2 L3 edge peaks. This is because of the difference in 3d spin-
orbit interaction in M112O3 and Mn02. For Mn L3 and L2 edge separation is ~ 1 eV more in 
case of BiM^Os than that of Mn02 due to the presence of Mn3+. Further, the ligand 
environment decides the crystal field splitting (lODq) and the characteristic crystal field 
splitting effect is clearly seen at Mn L3 edge of BiM^Os, which is narrow in comparison to 
MnC>2 L3 edge. This narrowing can be attributed to Mn3+ ions in BiM^Os, which are in 
pyramidal geometry with oxygen ions, where the four oxygens are in-plane and one oxygen 
is in apical arrangement that has less crystal field splitting than the Mn4+ octahedral 
geometry. Therefore, for Mn, on the basis of the comparison with the spectra of the 
manganese oxides, the spectral shape which looks more closer to MnC>2 in shape has 
dominant Mn3+ feature in spin-orbit interaction and crystal field splitting. Although 
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multiplet structure makes the spectra quite complicated, this imbalance of the spectral 
weight at different energies can be used, in principle, to disentangle the contribution of the 
two manganese sites by comparing with multiplet calculations. This would give a deeper 
understanding of the magnetic properties of manganese at two sites, for example, the 
antiferromagnetic coupling in this compound below 39 K. It is to be pointed out that the 
above mentioned approach is quite deli-cate and will improve the understanding of the 
knowledge of the local symmetries at the two sites. The overall spectral shape can be 
attributed to the high degree of covalency of the Mn (+4) - O bond. 
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Fig. 3.4: Comparison of normalized Mn L edge XAS spectra of BiMn205 to 
those of KMn04, Mn02, and MnO. 
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Figure 3.5 shows the O K -edge spectra along with the entire reference compounds. They 
exhibit the considerable difference even in case of Mn02 and BiM^Os, in contrast to their 
Mn L -edge spectra, which reflects the difference in the electronic structure of these two 
compounds. It arises from the fact that life time broadening in the oxygen Is core-hole 
potential is considerably smaller than the Mn 2p core-hole state. Oxygen Is XAS spectra 
represents the transitions from the oxygen 1 s state to the unoccupied O 2p state which are 
hybridized with the other orbitals of Mn atom as well as of Bi atom, participating in all type 
crystal field splitting responsible for the non-degenerate states. So it provides the reasonable 
estimate of the unoccupied conduction bands [113]. Within this framework, in O K edge 
spectra of BiMn2Os, four main features are leveled as A, B, C and D in the energy range 
from 528 to 545 eV. Peaks A and B are attributed to the 0 2p- Mn 3d hybridization. The O 
2p derived states lie predominantly in the valance band and the presence of O 2p derived 
states in the conduction band is due to coupling with cation orbitals. Peak A at 528.5 eV is 
related to the hybridization between O 2p-Mn t2g and B is due to the hybridization between 
O 2p-Mn eg orbitals. Peak C and D are identified due to the as hybridization between O 2p -
Bi 65 and O 2p- (Bi 6p + Mn Asp) respectively. Peak D is broader than others showing 
unoccupancies is not in specified subbands, from here the oxygen p symmetry primarily 
arising due to hybridization with various neighbouring atoms can be probed by the dipole 
selection rule during the transition of electron from Is state to the 2p state. The actual 
assignment of Mn 3d orbitals is still a matter of controversy in mixed valance state. The 
peak A may be an admixture of t2g and eg, whereas the peak B is only due to eg. Intensity of 
B is greater than A, thus indicating that the eg states are more unoccupied. The properties of 
peak C at 533 eV depends upon the behaviour of highly polarizable 6s2 lone pair of Bi3+ ion. 
The hybridization of Bi-6s orbital with the oxygen 2p orbital can produce a local distortion 
which avoids the inter network transfer of eg electrons from one network of Mn-O-Mn to 
another Mn-O-Mn network, which results the room temperature insulator property in 
BiMn205. However, the inter network SE interactions become active at low temperature and 
gives the antiferromagnetic ordering at low temperature. 
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Fig. 3.5: Comparison of normalized oxygen K edge XAS spectra of BiMn205 
to those of Mn02, MnO and Bi203. 
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3.3 Conclusions 
In conclusion, single phase polycrystalline BiMnaOs shows antiferromagnetic transition at 
temperature around T# ~ 39 K and ferroelectric transition at temperature around Tc ~ 35 K, 
well matched with its single crystal data available in literatures. Anomaly observed in heat 
capacity measurements clearly represents the temperature dependent transitions arising due 
to ordering of Mn ions. Mn L32 as well as O K edge XA.S data show that eg states are more 
unoccupied than the t2g states in Mn ion. Spectral shape of Mn L edge in BiM^Os shows 
similar outline as of MnC>2 (Mn4+) with an admixture of Mn3+, whereas the Mn3+ presence is 
dominated in spin orbit interaction and crystal field splitting (lODq). 
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Chapter 4 
Ti substituted BiMn205 multiferroic: 
Evolution of new multiferroic 
anomalies and NEXAFS study 
4.1 Introduction 
Though usually ferro magnet ism and ferroelectric ity have contrast origin, for multiferroic 
properties there has to be coupling of these two ferroic properties. Most of the established 
multiferroic materials till date are transition metal oxide based such as BiMnCh, BiFeCh, 
RMn03 (R= rare earth or Y), PbV03 and RMn205 (where R= rare earth, Y and Bi) etc, 
which involves various mechanism for the contrasting properties existing together in the 
same material [7, 11]. The RM^Os multiferroics, which order antiferromagnetically (T^ ~ 
39 K), having a complex magnetic structure, exhibit nearly coinciding ferroelectric (Tc ~ 35 
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K) transition temperature. However, these are classified as unconventional ferroelectrics, 
[114] originated due to acentric spin density waves [100] and having ferroelectricity around 
an order of magnitude less than the normal ferroelectrics. Magnetic origin of ferroelectricity 
for the RMn205 is believed to have extraordinarily spin-lattice coupling, so is important 
from device application point of view. 
At room temperature RJVfr^ Os system shows orthorhombic symmetry described by 
the space group Pbam (No. 55) and Z = 4. In its crystal structure, the manganese ions occupy 
two sites with different oxidation states of +3 and +4. Mn4+ (t2g3eg°, S=3/2) ions are 
coordinated to six oxygen ions forming Mn4+C>6 octahedra share edges to form infinite 
chains along the c axis. The Mn3+ (t2g3eg\ S = 2) ions are coordinated to five oxygen ions 
and form Mn3+Os pyramids interconnect to the Mn4+06 octahedra along the c axis. The 
larger R3+ ions are surrounded by eight oxygen atoms to form ROs units [detailed 
description with crystal structure schematic is provided in Chapter 3]. In BiM^Os, the BiOg 
polyhedral units are slightly more distorted than other ROg units in RM^Os due to the 
influence of Bi lone pair electrons [64]. Further in ab plane there is Mn3+-0-Mn4+-0-Mn3+-
0-Mn3+-0-Mn4+ five nearest neighbour interactions, which gives rise to huge magnetic 
frustration, as odd number of Mn ions cannot be completely anti-parallel to each other. The 
magnetic frustration arising in ab plane seems to be linked with the appearance of 
ferroelectricity in these materials. In recent studies, symmetric exchange as a principle 
mechanism for inducing ferroelectricity from magnetic structure [115] as well as evidence 
of magnetoelasticity from synchrotron x-ray diffraction data [65] in BiM^Os is reported, 
which has not been observed for other rare earth members. 
As described in previous Chapters, in BiM^Os, there are various cations involved 
(Bi3+, Mn3+ and Mn4+) and O2", which provides the magnetic interaction network and 
polarization. It is interesting to study the properties of Mn-site-substituted manganites in this 
milieu, because it leads to a substantial change in magnetic couplings of Mn3+/Mn4+ ions. 
The presence of Ti4+ (of0) ion decreases the Mn-Mn interaction through oxygen and the Mn-
Mn distance increases due to the formation of Mn4+-0-Ti4+ and Mn4+-0-Mn4+ chains, which 
may affect the ferroelectric and magnetic properties of BiM^Os compound. The nature of 
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the magnetic ordering in the entire compositional range depends on the relative 
concentration of Mn3+ and Mn4+ ions, Mn-O-Mn bond angles as well as bond distances. 
There is also a possibility of a complex magnetic phase due to the Ti substitution at both the 
Mn3+ and Mn4+ sublattices, where the SE interaction among the Mn ions takes place via O2" 
ions [64]. 
In the above endeavor, the inspection of the effect of Ti substitution on the magnetic 
and dielectric properties of BiMniOs was performed and presented in this Chapter. However, 
it is to be noted that the complex crystal structure and presence of distinct ions Mn3+, Mn4+, 
Bi3+and Ti4+ require the use of microscopic experimental techniques for a detailed 
investigation of such correlations. The near edge x-ray absorption fine structure (NEXAFS) 
and extended x-ray absorption fine structure (EXAFS) are powerful tools for understanding 
the electronic and structural properties of the perovskite type materials [116]. These 
techniques are element specific and capable of probing the short to medium range structure 
ordering around an absorbing atom. Among the experimental techniques employed in 
determining the valance states of atoms in solid, NEXAFS plays a crucial role due to its 
simplicity and universal applicability leading to certain usefulness in RM^Os system. This 
is due to the fact that different valence states of Mn appear in the unoccupied part of the 
spectrum, which can be most suitably probed by XAS. This Chapter presents the structural, 
magnetic, and dielectric properties of multiferroic BiMn2-xTix05 (0 < x < 0.5) samples along 
with their NEXAFS spectra. 
4.2 Results and discussion 
(i) X-ray diffraction (XRD) studies 
Figure 4.1 shows the Rietveld analysis of XRD pattern of BiMn2.xTix05 (0 < x < 0.5) 
samples at room temperature. In order to understand the crystal structure and single-phase 
nature of these doped samples, the XRD patterns of all the samples were analyzed with 
Rietveld refinement using FULLPROF code [117]. Schematic crystal structure diagram 
(Fig. 3.1, Chapter 3) drawn using refined parameters for pure BiM^Os is described earlier. 
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Fig. 4.1 : X-ray diffractions pattern of BiMn2.xTix05 materials with (a) x = 0, 
(b) x = 0.05, (c) x = 0.15 and (d) x = 0.50. 
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Refined XRD pattern for x = 0.0, 0.05, 0.15 and 0.50 samples in the form of observed, 
calculated and difference (Fig. 4.1) illustrate a good agreement between observed and 
calculated profiles. The structures were refined taking the starting structural model [64] of 
BiMn205 with space group Pbam (No. 55) and Z = 4. All the samples correspond to pure 
phases and may be indexed in an orthorhombic unit cell, similar to BiMn205, with no 
additional peaks, which may indicate the presence of superstructures or departure from 
mentioned symmetry. The unit cell parameters, volume and fitting parameters Of2) are listed 
in Table 4.1. Ti substitution at the Mn site leads to an expansion of unit cells due to greater 
ionic radii of Ti4+ (0.605 A) than Mn4+ (0.530 A). Consequently, considerable increase in 
lattice parameters a and c with the increase of Ti doping concentration has been observed, 
whereas lattice parameter b remains almost constant. As a result, there is an increase in the 
volume of the unit cell (Table 4.1). 
Table 4.1: The lattice parameters of BiMn2.xTix05 (x = 0 - 0.5) from XRD data 
at room temperature. 
Composition Crystal a (A) 
Symmetry 
b(A) c(A) Unit cell %2 
Volume (A3) 
BiMn2Os Orthorhombic 7.5564(17) 8.5305(30) 
BiMniosTio.osOs Orthorhombic 7.5613(13) 8.5301(26) 
BiMn,.,5Tio.i505 Orthorhombic 7.5657(13) 8.5295(27) 
BiMn17oTio3o05 Orthorhombic 7.5855(11) 8.5300(21) 
BiMn,.5oTi0.5o05 Orthorhombic 7.6017(11) 8.5333(21) 
5.7589(26) 371.22(16) 1.27 
5.7682(19) 372.05(13) 1.30 
5.7719(20) 372.47(13) 1.40 
5.7990(17) 375.22(11) 1.47 
5.8288(16) 378.11(10) 1.39 
The earlier studies [118-120] on the substitution effect at Mn site of YFeMn05, ErFeMnOs 
and YCrMnOs show the iso-structural findings having the same space group Pbam with 
large disorder affecting the sites. In the present study, it is noteworthy that substitution in 
BiMn2-xTix05 is maximum up to x = 0.50 just 50% of the earlier studies [118-120]. Initially, 
Ti substitution was tried to fit at pyramidal site, but it was not found to be a good 
approximation. Refinement results show that Ti is accommodated at octahedral site only. 
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Balancing results also support the Ti substitution at Mn+4 states from XAS studies (see the 
XAS section). Therefore, from the XRD pattern it is concluded that the samples with Ti 
concentration up to x = 0.5 are in single phase having orthorhombic structure with space 
group Pbam. 
(ii) Magnetization and dielectric properties 
Magnetic and dielectric properties of pure BiM^Os is presented in Chapter 3. Here the 
effect of Ti substitution will be discussed. Temperature (10 - 300 K) variation of dielectric 
constant (e) at a fixed frequency of 100 kHz for BiMn2-xTix05 (x = 0 - 0.5) samples is 
shown in Fig. 4.2. The magnitude of dielectric constant increases with temperature in all 
doped and undoped samples. However, the ferroelectric transition at ~ 35 K, which was 
present in undoped sample is absent in all Ti doped ones. The disappearance of ferroelectric 
transition in Ti doped samples at ~ 35 K is a manifestation of the destruction of the spiral 
(spin-density wave) magnetic ground state. As the Ti4+ (non magnetic ion) substitution at 
Mn4+ (4/ site) (magnetic ion) abruptly modifies the magnetic interactions present in the 
parent system, which may lead to the destruction of superposition of magnons at non 
coincidental nodal points (acentric spin density waves, reported by Chapon et al [100]). It 
has been observed that the substitution of Ce4+ at Bi3+ site of BiM^Os also leads to the 
increase in dielectric constant [121]. In the present case, except the increase of dielectric 
constant with Ti substitution, outspread dielectric anomalies at ~ 120 K for all the doped 
samples which is more prominent for x = 0.15 was observed. Initially at low concentration 
of Ti, the exchange of Mn4+ by Ti4+ causes the excess strain in the system due to 
considerable difference between the ionic radii of Ti4+ and Mn4+. Another consideration that 
can be made is that the distortion is caused by an easily polarizable Bi 6s2 lone pair as 
observed from first-principles electronic structure calculations [122] for Bi based 
multiferroics such as BiMn03. Evidence for polarization of Bi atom is observed 
experimentally and explained in later section (in XAS data). Moreover with further increase 
of x value, the substitution of Mn4+ by Ti4+ directs to the extension in cartesian positions of 
02, 03 and 04 oxygen atoms and distortion of Bi-0 units which start growing to be 
symmetrical. 
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Fig. 4.2: Evolution of dielectric constant (s') of BiMn2.xTix05 as a function of 
temperature (5 - 300 K) at a frequency of 100 kHz for (a) x = 0, (b) x = 0.05, 
(c) x = 0.15, (d) x = 0.30 and (e) x = 0.50. 
67 
o 
a 
"3 
a 
S 
a 
Fig. 4.3: dc magnetic susceptibility (%) vs temperature (5 - 200 K) in ZFC and 
FC conditions in a magnetic field of 500 Oe for BiMn2-xTix05 with (a) x = 0, 
(b) x = 0.05, (c) x = 0.15, (d) x = 0.30 and (e) x = 0.50. Insets show the 
temperature variation of d%/dT of respective samples. 
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Figure 4.3 shows the dc magnetic susceptibility (x) vs temperature (5 - 200 K) plots in ZFC 
and FC conditions at a magnetic field of 500 Oe for BiMn2-xTix05 (x = 0.0 - 0.50) samples. 
Insets show the temperature derivative of magnetic susceptibility as a function of 
temperature for respective samples. With the Ti substitution, it is observed that the AFM 
ordering appearing at low temperature diminishes slightly with increasing x and a new weak 
magnetic feature ~ 86 K is appeared. This is clearly visible, when temperature derivative of 
susceptibility is plotted, and is negligibly small in the pure one (inset of Fig. 4.3). 
Table 4.2: Net magnetic moment of BiMn2-xTix05 (x = 0 - 0.5) at a magnetic 
field of 500 Oe and temperature 5 K. 
Value of x Magnetic moment (in ua/f.u. (xlO )) 
0 13.36 
0.05 18.27 
0.15 19.69 
0.30 25.88 
0.50 27.49 
The reason behind these distinct features can be explained on the basis of ground state 
magnetic structural change due to Ti substitution. A view along c axis (Fig. 3.1, Chapter 3) 
confirms that Mn spins are arranged in the loop of five spins in ab plane; Mn4+-Mn3+-Mn3+-
Mn4+-Mn3+. The nearest neighbour coupling in the loop is AFM (red dashed line in Fig. 3.1, 
Chapter 3) and because of odd number of spins in the loop, the ordered spins cannot be 
antiparallel to each other on all bonds. This gives rise to magnetic frustration and favours a 
complex magnetic structure. Magnetic susceptibility study of BiMn2Os up to a temperature 
of 800 K by Garcia-Flores et al [96] have already shown the frustration ratio (ratio of Curie-
weiss temperature 0CW to Neel temperatre T#) fairly large ( |0cw|/T,v = 6.3). Neutron 
diffraction study [64] of BiM^Os suggests that Mn4+ ions distributed along c axis are 
intercalated either by Bi3+ or Mn3+ plane. Considering Bi3+ ion planes at z = 0, the z = zo and 
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z = - zo Mn4+ planes separated by Bi3+ plane are coupled antiferromagnetically. On the other 
hand, the z = 1 - z0 and z = z0 Mn4+ planes, separated by Mn3+ plane at z = 1/2 have the FM 
coupling. Finally, Mn4+ ions are alternatively having direct Mn4+- O - Mn4+ interaction 
which is AFM and indirect next nearest neighbour Mn4+- O - Mn3+ - O - Mn4+ interaction 
which is predominantly FM with alternate Mn4+-0-Mn3+ AFM chains. SE interaction among 
Mn planes takes place via oxygen atoms. In the Mn4+ planes, 01 and 04 and in the Mn3+ 
planes 03 oxygens are involved in the process. Ti4+ (cf) doping directly leads to the 
weakening of SE interaction of Mn4+ - O - Mn4+ bridges due to increasing effective bond 
lengths between Mn4+- O - Mn4+ by the introduction of Ti4+ in this chain and gradually 
suppresses the long range AFM ordering. At the same time, additional magnetic feature 
appearing at ~ 86 K in paramagnetic (PM) phase may be indicative of strong spin - phonon 
coupling and complex magnetic phase arising due to increasing effective distances between 
magnetic ions (Mn4+, Mn3+) with increasing Mn3+/Mn4+ ratio as reported earlier [96]. 
Noticeably, with diminishing the AFM ordering the net magnetic moment (u.# /f.u.) in 
magnetically ordered temperature regime (Table 4.2) is continuously increasing from x = 0 
to x = 0.5. This again clearly indicates that only Mn4+ ions are replaced by Ti substitution. In 
this scenario, the Raman scattering study will be useful and flourishing tool in order to 
confirm the spin phonon coupling (phonon spectral weight gets reduced and spin wave 
spectral weight increases), which is presented in Chapter 5. 
(iii) X-ray absorption spectroscopy (XAS) studies 
(a) O K edges 
XAS at the O K-edge has proven to be a powerful tool for addressing important questions 
about the physics of cuprates and manganites [123-125]. de Groot et al [113] have 
systematically analyzed the prepeak structure on the oxygen K edge for the series of 
transition metal oxides. It was pointed out that pre-edge region may consist of one or several 
peaks which can be interpreted in terms of Ligand field splitting or exchange splitting. 
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Fig. 4.4: Normalized O K- edge NEXAFS spectra of BiMn2.xTix05 (x - 0 - 0.5) 
along with the spectra of Bi203, MnO, MnC>2 and Ti0 2 as reference 
compounds. 
Figure 4.4 shows the normalized O K-edge NEXAFS spectra of Ti doped BiMn2-xTix05 (0 < 
x < 0.5) along with MnO, MnC>2, BJ203 and TiC>2 reference samples. According to dipole 
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selection rules, these spectra represent the orbital character of the spectral features of the O 
2/7 unoccupied states in the conduction band and its hybridization with different Mn, Ti, and 
Bi orbitals. Based on the existing literature and band structure calculations [126-129], four 
features marked by Ai, Bi, Q and Di in pure BiMi^Os (x = 0) are identified. The first two 
spectral features (Ai ~ 528.5 and Bi - 5 3 1 eV) which form the bottom of the conduction 
band are attributed to transitions from Is core state to oxygen 2p states hybridized with 
mixed-valent Mn 3d orbitals. The exact assignment of these pre-edge features is still not 
clear and has been discussed controversially in literature [see Ref. 130 and references 
therein]. Here, one must note that the BiMn205 is a mixed valence (Mn3+/Mn4+) system 
similar to other RJVh^Os. Therefore, the relevant Mn 3d states involved in the pre-edge 
region are majority spin eg (egy), minority spin t^ fag-l), and minority spin eg ( e ^ ) - The 
spectral feature Ci located at ~ 533 eV may be related to the hybridization of O 2p with Bi 
6s/Bi 6p orbitals and having small admixture of Mn 3d states. This tentative assignment of 
Ci peak purely based on the fact of spectral evolution of the pre-edge region of Bi2C>3 
reference compound, and following the band structure calculations in BiMn03 system [129]. 
The continuum absorption peak Di above 535 eV can be assigned due to the O 2p 
hybridization with extended Mn Asp and Bi higher orbitals. The structure and properties of 
the material after doping change. The peak Ai starts loosing its spectral weight, while B2 is 
becoming broader and Ci is also affected extensively. These structural changes in the pre-
edge region may be interpreted in terms of competition between hybridization of Mn 3d and 
Ti 3d with O 2p orbitals. It is also noted that the properties of the peak Ci depend upon the 
behaviour of highly polarizable 6s2 lone pair electrons of Bi3+ ion. The orientation of the 6s2 
lone pair electrons toward a surrounding anion (O2") can produce a local distortion and 
hybridization between 6s Bi-orbitals and O 2p orbital. The continuum features of peak Di 
remain almost unchanged, even an additional contribution of Ti Asp added to it. 
In order to have better understanding of the spectral evolution in the BiM^Os 
system with the Ti doping, O K- edge NEXAFS difference spectra have been compared 
(spectrum of x = 0 compound is subtracted from doped samples) with the reference spectra 
of TiC>2 and MnC>2. 
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Fig. 4.5: Difference spectra of O K- edge NEXAFS of BiMn2.xTix05 (x = 0.05 -
0.5) along with the spectra of Mn0 2 and Ti02 for comparisons. 
Figure 4.5 plots the difference spectra of the doped samples, where spectral evolution of 
new features is marked by vertical dotted lines. From Fig. 4.4, it is observed that the pre-
edge peak of Mn02 (containing Mn4+ in an octahedral symmetry) has similar spectral profile 
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as of peak Ai of the pure BiM^Os sample. Consequently, one can say that this pre-edge 
feature is closely connected with the Mn4+ oxidation state. It is evident from the difference 
spectra (Fig. 4.5) that the first dip represents the spectral weight of peak Ai, and 
continuously decreases with Ti concentration indicating the reduction of Mn4+ contents. At 
higher energy region, the clear emergence of two new features having energy position at 
both side of peak Bi, resemble the characteristics of TiC>2 compound. In case of Ti02, the 
well resolved doublet arises from the covalent or hybridized mixing of O 2p with 3d states 
of Ti. They are assigned as low lying t2g and eg bands with energy separation lODq -2 .1 eV 
occurring due to the crystal field splitting of its 3d levels. We also note that t2g orbitals of Ti 
ions follow the systematical (energy position and spectral weight) evolution in all doped 
samples, while the properties of eg states are intriguing at low Ti concentration. For the x = 
0.05 and 0.15 samples, eg states shift towards low energy side and gain its spectral weight. 
This variation in the eg orbitals' peak suggests that initially the exchange of Mn4+ by Ti4+ 
may cause some excess strain in the system and derive towards a complex geometrical 
arrangement between the various ions. However, by careful examination of pre-edge region 
of BJ203 reference compound, the role of Bi 6s2 lone pair electrons cannot be neglected 
particularly for x = 0.15 sample where prominent dielectric anomaly has been found. 
Therefore, the detailed band structure calculations are desired in this system to comprehend 
the exact nature of O 2p-Mn 3d/Ti 3d hybridization, which may have important implications 
on the electrical and magnetic properties of the system. 
(b) Mn L3,2 and K edges 
It is well known that the peak positions and the line shapes of the Mn L3]2 edge XAS 
spectrum depend upon the local electronic structure of Mn ion. So the L-edge spectrum 
provides the information on the valence state of the Mn ion [109-110]. Figure 4.6 shows the 
normalized Mn L32 - edge NEXAFS spectra of BiMn2.xTix05 along with the references 
MnO and MnCh. Generally, NEXAFS spectra are sensitive to the crystal field symmetry 
primarily due to the Mn 2p-3d transition. The spin-orbit interaction of the Mn 2p core states 
splits the spectrum into two broad multiplet, namely the L3 (2/73/2) and L2 (2pm) ~ 11 eV 
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apart. Each of these two regions further split into t2g and eg orbital features because of the 
crystal-field effect of neighbouring ions. The intensity of these peaks is the direct measure of 
total unoccupied Mn 3d states. These spectra show valance-specific multiplet structure with 
a chemical shift due to change in oxidation state. The inflection points of Mn L3- edge for 
manganese oxides (Mn2+0 and Mn4+C>2) shift towards the higher energy with the increase of 
valance number of Mn. The L3 region contains two spectral features, A2 and B2, which are 
assigned to Mn t2g and Mn eg subbands, respectively. Mn ions in MnO have a +2 charge 
state with five d orbitals each filled by majority spin electrons, so that features A2 and B2 
can be attributed to minority spin t2g and eg subbands, respectively. Here, the majority spin is 
of electrons in the localized t2g orbitals on the Mn ion. The larger intensity for A2 than B2 is 
due to the fact that there are three t2g orbitals and only two eg orbitals. In MnC>2, Mn ions 
have +4 oxidation state with the e g t sub-band empty. Then the unoccupied part of the e g t 
sub-band will contribute to the Mn L32 edge spectrum. Thus the features A2 and B2 are 
contributed not only from t2g4, and eg4, subbands but also from egT subbands. The MnC>2 
spectrum shows that feature B2 has a larger intensity than that of A2, which suggests that 
unoccupied egf states contribute more to the feature B2 than A2. The close look of pure 
BiMr^Os (x = 0) sample which has a mixed valance signature, the Mn L32 spectra is close to 
that of Mn02, with an admixture of Mn3+. The inset of Fig. 4.6 provides the structural 
changes at Mn L3- edge with the dilution of Ti ions, where the spectra are normalized to 
unity at the top of feature B2. As evident, with the addition of 5% Ti4+ ions, the spectral 
weight of the A2 increases compared to the pure sample. This indicates the contribution of 
e g t subband becoming insignificant which has more effect on the peak B2 than A2. Since 
the contribution of egT subband originates due to the Mn4+ components (as explained above 
for the reference compound of Mn02) and becomes smaller with Ti doping, it suggests less 
unoccupied states of Mn + 3d in the system. Indirectly, the increase in intensity of low 
energy side of peak B2 (A2- region) is related to the more ratios of Mn3+/Mn4+. For higher 
concentration of Ti +, the peak A2-region gains its spectral weight at the expense of that of 
peak B2-region. However, for x = 0.5 sample it is hard to distinguish both of the regions. 
These results (inset of Fig. 4.6) suggest that the concentration of Mn3+ is increasing at the 
expense of Mn4+ and Ti 4+ ions replace the Mn 4+ ions consistent with the XRD data. 
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Fig. 4.6: Normalized Mn L32- edge NEXAFS spectra of BiMn2-xTix05 (x = 0 -
0.5) along with the spectra of MnO and Mn02. Inset demonstrates the spectra 
normalized to unity at the top of Mn L3- edge. 
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Fig. 4.7: Normalized Mn K- edge NEXAFS spectra of BiMn2.xTix05 (x = 0 
0.5), where the inset provides the extended view of pre-edge region. 
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However, it is noted that the soft energy of the x-rays at L- edge is sensitive to the surface 
and the possibility for Mn ions to be oxidized cannot be ruled out completely. To avoid 
surface effects, hard x-rays are used at the K edge (Is—>• p) of Mn ions. The edge energy of 
x-ray absorption increases typically with the increase of oxidation number of species under 
study. Figure 4.7 shows the Mn K edge NEXAFS spectra of BiMn2-xTix05 (0 < x < 0.5) and 
inset plots the detailed features of the pre-edge region after background subtraction. The pre-
edge absorption region around 6542 eV is attributed to the electric dipole forbidden 
transition of a \s electron to an unoccupied 3d orbital, which is partially allowed because of 
electric quadrupole coupling and/or 3d-4p orbital mixing arising from the non-
centrosymmetric environment of the slightly distorted Mn06 octahedral framework. An 
examination of the pre-edge features (inset of Fig. 4.7) shows that there is a multiplet 
structure (marked as A3 and B3). This split in the pre-edge peaks originates from the 
separation of the degenerated 3d levels under the crystal field, of which A3 and B3 are 
assigned to the Is —• 3^(t2g) and \s—> 3d(eg) transitions, respectively. The main absorption 
edge features (marked by dotted lines), were assigned to the purely dipole-allowed \s —• Ap 
transition. At low Ti doping (x = 0.05 and 0.15 samples), the relative intensity of the B3 peak 
decreases much faster to that of A3 peak. Because the bound states of the Mn4+ and Mn3+ 
ions are described at t2g3 eg° and t2g3 eg', respectively, the relative decrease in B3 peak 
intensity indicates a decrease in the number of unoccupied eg orbitals (hole density of 3d 
state) in the \s —> 3d quadrupole allowed transition, which is in agreement with the 
increased Mn3+/Mn4+ ratio in the Mn L-edge spectra of the studied system. In addition, for x 
= 0.3 and 0.5 samples, the B3 peak amplitude is negligible than that of A3, indicating the 
spectral density of the empty eg spin states become insignificant at higher Ti doping. The 
main peak (marked by dotted lines) and shoulders of the absorption edge correspond to 
transitions to Ap continuum states and shape resonances of the metal atom environment. For 
a given environment, the main peak is broadened by disorder in the nearest neighbour 
distances. Secondary peaks occurring a few 10 eV above the main peak correspond to 
multiple scattering from neighbouring atom shells. 
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It is observed that the shape of the main peak exhibits an observable variation with the 
incorporation of Ti ions at Mn4+ sites. The shoulder at lower energy side of the main peak 
gains spectral weight and shift the centriod of the main peak towards low energy side. This 
small shift indicates the presence of more Mn3+ components and suggests that Ti ions 
substitute the Mn4+ ions. According to the above discussions of Mn L- and Mn K- edges, it 
is concluded that the Ti ions are playing an important role in the local geometrical 
frustrations of Mn sublattices. 
(c) Ti L3,2 -edges 
Figure 4.8 shows the Ti 2p NEXAFS spectra of BiMn2-xTix05 samples with varying x along 
with the spectra of TiCh in rutile and anatase form. The main features of the Ti L-edge are 
the two doublet peaks, observed between 455 and 470 eV. The presence of Ti 2p photo-
absorption can be explained by the 2p6 —> 2p53d' dipole transitions [109], which 
corresponds to the transition from the Ti 2p core level to the unoccupied Ti 3d state. The 2p 
core hole spin-orbit interaction splits the spectrum into two parts, corresponding to L3 (2pv2) 
and L2 (2p\a) levels with a separation of-5.5 eV. The L2 and L3 levels are further split into 
the t2g and eg subbands by the low symmetric octahedral ligand field. The L2 - edge features 
are broadened compared to those of L3 -edge, owing to the increased Coster-Kronig Auger 
decay channel for the L2 -edge (i.e., a shorter lifetime of 2pm core hole due to a radiation-
less electron transition from 2pi/2 to 2pm level accompanied by the promotion of a valence 
electron into the conduction band). In 3d transition metal oxides, the 2p XAS spectra are 
completely dominated by the strong 2p-3d dipole transitions and the fine structure can be 
clearly detected [109-110]. It is clear from Fig. 4.8 that there are four peaks arising due to 
the strong 2p-3d dipole transitions, which resemble to T1O2 L3,2 -edges. The increased 
spectral weights of the peaks reveal that the concentration of Ti4+ increases for higher 
doping of the samples. 
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Fig. 4.8: Normalized Ti L3)2- edge NEXAFS spectra of BiMn2.xTix05 (x = 0 
0.5) along with Ti02 Rutile and Anatase form. 
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4.3 Conclusions 
The data presented in this Chapter demonstrate the effects of Ti substitution at Mn site in 
BiMn2-xTix05 (0 < x < 0.5) multiferroic samples. Ti content up to x = 0.5 are accommodated 
in single phase having orthorhombic structure with space group Pbam. New dielectric 
anomalies at ~ 120 K and weak magnetic features at ~ 86 K have been observed in BiMn2. 
xTix05 samples due to Ti substitution, whereas the dielectric and magnetic transition at ~ 35 
K and 39 K respectively, observed in undoped (x = 0) are absent in doped samples. New 
dielectric anomalies at ~ 120 K are attributed to the polarization of Bi 6s2 lone pair electrons 
along c axis. In particular, polarization of Bi 6s2 lone pair electrons are maximum in x = 
0.15 as observed from XAS data (difference spectra of O K edge shows that Bi 6s2 electron 
pair polarization dominates for x = 0.15 composition and favours Bi203 like hybridization). 
This is the foundation behind the greater dielectric anomaly. Ti substitution dilutes the 
Mn4+- O - Mn4+ chain and gradually suppresses the long range magnetic ordering and 
weakens the AFM ordering at ~ 39 K. However, the net magnetic moment increases due to 
Ti substitution at Mn4+ site. New weak magnetic feature appearing at ~ 86 K are attributed 
to strong spin-phonon coupling and emergence of complex magnetic phase due to change in 
effective distances between Mn3+ and Mn4+ in doped samples. Ti4+ substitutions at Mn4+ site 
have been confirmed through XRD results and well supported by XAS data. The O K edge 
NEXAFS results demonstrate the competition between hybridization of Mn 3d/Ti 3d with O 
2p orbitals and the participation of Bi 6s6p-0 2p orbitals to destabilize the system cannot be 
ruled out completely. The Mn K- and Mn L.3,2- edges spectra coherently indicate the increase 
of Mn3+ /Mn4+ ratio with Ti doping and Ti ions remain at 4+ states for all compositions as 
shown by Ti L-edge XAS. The new dielectric and magnetic features appearing in Ti doped 
samples exhibits their possibility of using as sensing materials. 
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Chapter 5 
Affirmation of multiferroic anomalies 
and magnetoelectric observation of Ti 
substituted BiMn205 
5.1 Introduction 
Multiferroic (MF) materials display the concurrence of more than one order parameters 
among ferromagnetism/antiferromagnetism, ferroelectric ity and piezoelectricity. They not 
only unfold affluent and intriguing underlying fundamental physics but also have potential 
applications in non-volatile memories, multiple state memory elements etc, in which data is 
stored both in the electric and the magnetic polarizations [7,11,15, 131]. Among various MF 
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materials, RM^Os (R = rare earth, Y and Bi) having antiferromagnetic (TN ~39 K) and 
ferroelectric (TV ~ 35 K) transitions at around coinciding temperatures created a lot of 
interest in recent years [7, 11, 52, 64, 95-107, 115, 132]. In a unit cell of BiMn205, as 
described in Chapter 3, the geometrical structure exhibit five different nearest neighbour 
possible interactions among Mn3+/4+ ions, which cannot satisfy any spin configuration and 
lead to the frustrated magnetic structure. Mn ions are reported to be order 
^cnerromagnetically with an incommensurate magnetic propagation vector q = (qx, 0, q:) 
[102]. Recently C. Vecchini et al [65] have reported the commensurate magnetic structure 
in BiMn205, whereas, the other members of the RMn205 family exhibit incommensurate 
magnetic structure. They have discussed the difference in terms of competing 
antiferromagnetic interactions, which depends upon the variation of Mn-O-Mn bond lengths. 
Granado et al [115] have reported the magnetoelastic anomalies in single crystal and 
polycrystalline BiM^Os using high-resolution synchrotron x-ray diffraction. They have 
observed significant anomalies in lattice parameter due to a magneto-elastic coupling below 
Tyv and claimed a concomitant small structural displacement leading to the origin of 
ferroelectricity. In magnetic and Raman scattering studies by Garcia Flores et al [96], 
anomalous phonon shift in paramagnetic regime has been observed and claimed to have a 
new characteristic temperature T ~ 60 K due to strong spin-phonon coupling in BiM^Os. 
To use these materials for applications, a higher ferroelectric and magnetic ordering 
temperatures are desired. Any type of substitution at Mn site will lead to a substantial 
change in their magnetic and dielectric properties, because of the change in magnetic 
coupling among Mn atoms. In these circumstances, substitution of Ti is preferable since Ti + 
offers d° configuration, a requisite condition for ferroelectricity. Substitution of Ti4+ ion 
decreases the Mn-Mn interaction through oxygen and the Mn-Mn distance increases due to 
the formation of Mn4+-0-Ti4+ and Mn4+-0-Mn4+ chains, which will affect the ferroelectric 
and magnetic properties of BiM^Os compound. 
In Chapter 4, an enhancement in the ferroelectric transition temperature from 35 K. 
(for x = 0.0) to ~ 120 K (for Ti substituted samples), the dilution of antiferromagnetism (Tw 
~ 39 K) and appearance of new weak magnetic anomaly at ~ 86 K due to Ti substitution in 
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BiM^Os have been presented. The anomalies observed by magnetization and dielectric 
measurements were not much underlined. Such experimental observations may originate 
from both the essential complexity of geometrical/magnetic structure and experimental 
restrictions, e.g., precision, accuracy, and measurable temperature range. For understanding 
the nature and origin of these anomalies, thermodynamic information is indispensable, and 
the precise data of specific heat are highly desired. In this Chapter, studies on temperature 
dependent specific heat (without and with magnetic field) and Raman scattering are 
presented, required to understand the complex crystal and magnetic structure of Ti 
substituted multiferroic BiM^Os samples. In order to show the magnetoelectric coupling, 
magnetocapacitance study is also performed. 
5.2 Results and discussion 
The measured specific heat data of BiMn2-xTixOs (0 < x < 0.3) samples in absence of applied 
magnetic field is shown in Fig. 5.1. At a glance, only one remarkable anomaly at 
antiferromagnetic ordering (T# ~ 39 K) is observed for all the samples. Pure BiM^Os shows 
larger specific heat anomaly than that of Ti substituted samples at low temperatures (Fig. 
5.1), which is due to the strong antiferromagnetic ordering present in BiM^Os and that 
diluted by Ti substitution [132]. Since all three compounds have the same crystal structure, 
the specific heat curves are expected to approach asymptotically to the classical value of 
Dulong-Petit law (in this case, when there are 8 atoms/f.u., N is taken as 8A^ and the high-
temperature limit yields ~ 24/? for BiM^Os, where NA is the Avogadro number and R is the 
ideal gas constant), without any remarkable features at high temperatures. However, the 
specific heat curves of substituted samples intersect the curve for x = 0, just after the 
magnetic anomaly temperature, which implies some effects causing the extra specific heat in 
doped samples. 
To understand the magnetic correlations within the Mn ions in these systems, the 
specific heat measurements have been carried out in the presence of magnetic fields upto 14 
T. Inset in Fig. 5.1 shows the specific heat as function of temperature at 0T, 9T and I4T for 
BiMn2-xTix05 (0 < x < 0.3). The specific heat data in the presence of magnetic field (up to 14 
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T) are exactly overlapped to the zero field specific heat data. In conventional 
antiferromagnetic ordering, it is found that an external field of few Tesla is sufficient to 
suppress its Neel temperature by a few degrees. However, in the present case, the invariance 
of specific heat data up to 14 T highlights the strong correlated electron behaviour of the 
present magnetically frustrated system. 
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Fig. 5.1: Measured molar specific heat for BiMn2-xTix05 with x = 0.0, 0.15 and 
0.30. The broken line represents the classical value of Dulong-Petit law, which 
is 24/? for BiMn205. Inset shows molar specific heat vs. T for the samples 
BiMn2-xTix05 (0 < x < 0.30) in the presence of magnetic fields 0T, 9T and 4T. 
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In order to obtain the excess specific heat, AC (C/ola/-C/alllce), the lattice contribution is 
estimated by assuming that BiM^Os is a nonmagnetic above T^. In this case, the specific 
heat should consist of the electronic and phonon contribution only. The electronic part of the 
specific heat is expressed as Ce = y^and low temperature lattice contribution as Cph = p* . 
The electronic contribution term is neglected due to insulating nature of BiMn2Os. Generally 
the phonon part of molar specific heat in similar kind of material is usually obtained through 
the splitting of phonon spectrum in to optical branches within Einstein's approximation 
written in the form 
tt [exp(% - \)J 
where xE = 6//T, and 0£ is the characteristic Einstein temperature for each optical branch. 
The lattice contribution has been obtained by fitting the data to two Einstein optical modes, 
one associated with the Bi - Mn atoms and the other with the O atoms. The oscillator 
corresponding to the Bi - Mn atoms is centred at QFJ ~ 170 K and the other at QE2 ~ 648 K. 
The characteristic Einstein temperatures obtained using this approach is in well agreement 
with that previously reported by Munoz et al [64]. The estimation of the lattice contribution 
is carried out by fitting the specific heat data using Eq. (5.1) in the temperature range above 
45 K. This description gives the best fit in the low-temperature part of the specific heat, say 
up to 100 K. At higher temperatures, the difference between the fit and the experimental 
data is increased. When approaching to room temperature, the phonon part of specific heat 
even exceeds the Dulong-Petit limit and this fact cannot be described within the harmonic 
approximation. To overcome this inconsistency, one has to include the anharmonic terms 
into the analysis of the phonon part of specific heat. The anharmonic corrections are small 
but not negligible, which are added to CPh at high temperatures. Martin [90] has suggested 
the approximation to describe the phonon spectrum by modifying the Einstein's formula for 
anhormonic contribution and the resulting isobaric phonon specific heat can be written as 
C
^
=
^i-a,,nexp(*,,-i)f (5-2) 
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where aE, is the anhormonic correction coefficient for optical branches and the value 
obtained is 2.22 x 10", which is in agreement to the anhormonic corrections for the various 
compounds having antiferromagnetic transitions [133]. The calculated lattice contribution 
for BiMnaOs is considered to be same for Ti substituted samples in nonmagnetic 
approximation. The excess specific heat obtained by subtracting the lattice contribution from 
the measured specific heat is shown in Fig. 5.2. Appreciable specific heat anomalies at ~ 86 
K and ~ 120 K in the AC vs temparature curve (Fig. 5.2) can be clearly seen for both x = 
0.15 and 0.30. These two characteristic temperatures are directly related to that of the 
anomalies observed in magnetic and dielectric behaviour respectively for the Ti substituted 
samples [132]. 
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Fig. 5.2: Plot of excess specific heat vs. temperature for BiMn2-xTix05 with x 
0.0, 0.15 and 0.30. 
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Further, to understand the low temperature (2-16 K) specific heat (LTSH) data, we have 
considered the three types of contributions namely, electronic, phononic and magnetic. So 
the total specific heat can be written as 
C/oto/ = Cefe + Cmag + C/aH, (5.3) 
where the Ce/e = yT is the electronic term due to free charge carriers, the C/a« = P75 is the 
phonon contribution (T5 anharmonic term has negligible effect in our fitting range), and the 
Cmag ~ T (n =3/2 for ferromagnet and 2 for antiferromagnet) is the spin wave contribution to 
the specific heat with the value of the exponent n depending on the nature of magnetic 
excitations. Thus the data have been fitted using 
C(7) = yr+pr 5 + B72 + DrV2 (5.4) 
By varying different combinations in the fitting process using Eq. (5.4), it is found that the 
best fit (smallest standard deviation) occurs when both y and D are zero for BiM^Os and x 
= 0.15 samples, whereas only y = 0 for x = 0.30 sample (see Fig. 5.3). The fitting results of 
zero field data of BiMn2-xTixC>5 (0 < x < 0.3) samples are listed in Table 5.1. It is clear from 
the table that for all the samples y is zero, indicating insulator nature of the samples. The 
existence of T2 term in BiM^Os and x = 0.15 samples indicates AFM insulator ground state 
and is consistent with the earlier reports [64-65, 115, 132]. The values of P and B are in well 
agreement with that reported by Munoz et al for BiM^Os [64]. For x = 0.30 sample, the 
existence of T3'2 term in addition to the T1 term clearly indicates the radical change in 
magnetic ground state within insulating character for Ti substituted samples. It is found that 
with the Ti substitution, T312 terms exist at the expense of lattice and AFM contribution. To 
understand this one has to consider the various exchange interactions in BiM^Os. In the 
complex magnetic structure of BUVh^ Os, apparently five nearest neighbour interactions (see 
Fig. 3.1, Chapter 3) are present, namely Jl (AFM Mn4+ - 02 - Mn4+), J2 (AFM Mn4+ - 03-
Mn4+), J3 (FM Mn4+ - 04 - Mn3+), J4 (AFM Mn4+ - 03 - Mn3+) and J5 (AFM Mn3+ - 01 -
Mn3+) [102, 132]. The origin of T5/2term existing in x = 0.30 may be attributed to increase in 
J3 interaction (which is predominantly FM in nature) due to compassionate variation in bond 
distances in an asymmetric unit of interacting ions (see Table 5.2). In pure BiM^Os and x = 
0.15 samples, we could not detect the contribution of T3/2 term, possibly due to screening by 
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lattice and antiferromagnetic contributions. It should be noted here that in many reports on 
various orthorhombic structures, these T312 and T2 magnetic terms were not resolved [134]. 
Noticeably, this observation infers the increasing net magnetic moment when the AFM 
ordering diminishes with the Ti substitution. In our magnetic measurements also we 
observed increasing net magnetic moment with the Ti substitution at low temperatures 
[132]. 
Table 5.1: Summary of fitting (with Eq. (5.4)) results to the data in Fig. 5.4. 
The units of different quantities are y (J/mol K2), /?(J/mol K4), B(J/mol K3), 
D(J/mol K5/2) and ®D (K). 
BiMn2.xTix05 y /? B D ©^ 
x = 0 0 0.00122 0.0049 0 233 
x = 0.15 0 0.00025 0.0208 0 395 
x = 0.30 0 0.00003 0.0203 0.0194 802 
A small or broad anomaly in specific heat can be seen in the corresponding C/T vs. T curve, 
which normally highlights magnetic ordering induced maxima. Inset in Fig. 5.3 (a) shows 
the plot between C/T vs T. A maximum at ~ 86 K and a broad hump at ~ 120 K apart from 
low temperature AFM anomaly are clearly seen for both x = 0.15 and x = 0.30. A 
maximum/minimum in this temperature region is quite unusual because Debye temperature 
usually tends to approach a constant value as the specific heat saturates to a classical value 
with increasing temperature. Therefore, it is inferred that the maxima at -86 K is due to the 
corresponding magnetic anomaly in the substituted samples [132]. 
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The mechanism behind the improved magnetic and ferroelectric properties of Ti substituted 
BiMn205 could not be elucidated in the above part. Molecular spectroscopy studies can 
provide the information about the displacements of the atoms or ions, some of which may be 
related to the polarization of the material. There are some reports on ferroelectric ceramics 
[135, 136], which designate that Raman scattering is a useful tool for exploring the 
microscopic origin of the ferroelectricity of materials. For understanding the microscopic 
origin of new magnetic and dielectric anomalies, the analysis is focused to an asymmetric 
part (Fig. 5.4) of a unit cell of BiMn^Os. The variation in the bond distances due to Ti 
substitution at Mn4+ site in BiM^Os is obtained from structural refinement, as mentioned in 
Chapter 4 [132] (see Table 5.2), and change in phonon modes have been interpreted on the 
basis of bond distance variations. It is important to mention that this observation (variation 
in bond lengths) is limited to the resolution of laboratory source XRD data of polycrystalline 
samples. 
Mn4+Ti4+ 
S a 
Mn 3 + 
Fig. 5.4: An asymmetric unit from a unit cell along c axis. 
The site symmetry analysis [108] of the Pbam structure of BiM^Oj yields a total 96 T-point 
phonon modes, out of which 48 phonon modes are Raman-active (YRaman = \3Ag + 13B/g + 
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1 \B2g+ 1 lBig). The Ag modes are expected to appear in the parallel xx, yy and zz scattering 
configuration and should not be seen in the crossed xy, xz and yz configurations. The B/g, 
B2g and Bjg modes are expected respectively in xy, xz and yz configurations. Room 
temperature as well as temperature dependent Raman spectra for RM^Os family of 
materials have been reported by various groups [96, 105]. Figure 5.5 shows the unpolarized 
Raman spectra of BiMn2-xTix05 for (a) x = 0, (b) x = 0.15 and (c) x = 0.30 collected at room 
temperature. For BiM^Os, most of the reported [96] Raman modes have been observed, 
except few whose intensities are either very small or exist at < 100 cm" . At a glance, Raman 
studies indicate that Ti substitution is not changing the phonon structure of the parent 
compound much except a shift in wave numbers and profile broadening of phonon modes 
due to Ti substitution. This is in agreement with the isostructural finding, where increase in 
lattice parameters a and c is observed while b remains almost constant, presented in 
structural analysis part of Chapter 5. 
Table 5.2: Selected bond distances (A) for BiMn2.xTix05 (0 < x < 0.3) 
participating in an asymmetric unit (see Fig. 5.4) of a unit cell crystal structure, 
obtained from the Rietveld refined data. 
Distance 
Bi-Ol 
B i - 0 2 
B i - 0 4 
Mn4+-02 
Mn4 +-03 
Mn4+ - 04 
Mn3+ - 03 
Mn3+ - 04 
Mn 3 +-01 
x = 0.0 
2.1651 
2.4961 
2.2948 
1.6996 
2.0254 
1.8162 
2.1092 
1.9808 
2.3089 
x = 0.15 
2.4610 
2.2976 
2.6088 
1.8329 
1.8767 
1.7585 
2.2244 
1.7620 
1.9593 
x = 0.30 
2.6632 
2.2981 
2.7187 
1.8507 
1.8224 
1.7975 
2.3039 
1.6639 
1.7983 
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Fig. 5.5: Raman scattering spectra collected at room temperature for BiMn2. 
xTix05 with x = 0.0, 0.15 and 0.30. Insets (1, 2 & 3) show the zoomed area for 
selected phonon frequencies. 
Actual mode assignment for the phonon modes, for the RM^Os is still the matter of debate. 
In earlier reports it has been shown that the overall Raman spectrum for R = Bi is 
considerably sharper, better defined, and shifted towards lower energies than other members 
of the series [96], arising from larger bond distances in BiM^Os. Most of the lines in the 
low-frequency range were extremely sharp, indicating weak anharmonicity in BiMn2C>5. In 
the present case representative Raman spectra of pure and Ti substituted samples are shown 
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in Fig. 5.5. The three peaks are selected in different frequency range (low frequency -190 
cm"1 (inset 1), medium frequency ~ 325 cm"1 (inset 2) and high-frequency ~ 605 cm"1 (inset 
3)) and attempt has been made to relate the Raman shifts due to Ti substitution, with the 
observed variation in bond distances (Table 5.2). Low frequency (-190 cm"1) and high 
frequency (-605 cm"1) modes show hardening (shift to higher wave number), whereas the 
mode at - 325 cm'1 shows softening (shift towards lower wave number). It is evident from 
Table 5.2 that due to Ti substitution most of the bond distances either increase or remain 
more or less constant, whereas the bond distances Mn4+ - 03 , Mn3+ - 04 and Mn3+ - 01 
decreases. The decrease in above bond distances is in the bases of pyramid (Mn3+Os) and 
octahedra (Mn4+C>6) (see Fig. 3.1, Chapter 3). So the hardening in the modes present at - 190 
cm"1 and 605 cm"1 may be ascribed to bending and stretching vibration of Mn - O bondings 
in the bases of pyramid and octahedra. Unchanged phonon mode present at - 200 cm"1 is 
designated to the stretching and vibration of Mn-04 (apex oxygen) bond in Mn4+06 
octahedra. Further the softening of modes present at - 325 cm"1 is attributed to the increased 
bond distances in BiOg environment. Despite of the shift in phonon mode, considerable 
profile broadening and merging of modes with the increasing Ti content is observed. This 
behaviour implies the increased anhormonicity due to structural distortion. 
In general, the Raman spectra with a flat background is indicative of only phonon structure 
present in the system, but the increased background due to electronic scattering has been 
used as very important information in large number of reports on superconductors [137 and 
references therein]. In superconducting state, due to increased electronic scattering, 
enormous background at higher wave numbers is a common observation. In present study, 
considerable increase in background at higher wave numbers with the increasing content of 
Ti have been observed, which indicates the increase in electron-phonon coupling i.e. the 
modulation of the superexchange energy of the specific Mn-O-Mn paths by each vibration. 
This behaviour may be accepted as an analogous to the high temperature (~ 86 K) anomaly 
observed in magnetic study. Garcia Flores et al [96] have also observed anomalies in 
phonon behaviour corresponding to characteristic temperatures T*~ 60-65 K (magnetic 
anomaly), whereas for low temperature (~ 35 K) ferroelectric phase they claim that the ionic 
displacement of atoms are rather small. 
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Fig. 5.6: (a) Raman spectra collected at different temperatures (80, 83, 86, 90 
and 95 K) and (b) Raman spectra collected at different temperatures (110, 120, 
125, 130 and 140 K) for BiMnL85Tio.i505 sample. Inset (in both (a) & (b)) show 
the variation in selected phonon frequencies vs. respective temperatures. 
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In order to further validate the multiferroic anomalies using Raman scattering, we have 
measured the temperature dependent phonon structure of BiMn2-xTix05 (0 < x < 0.3) 
samples. Temperature dependent Raman scattering measurements have been carried out in 
the range of 80 to 300 K. We have observed the conventional softening of phonon modes in 
the temperature dependent Raman spectra collected for all the samples. Figures 5.6 (a) and 
(b) show the temperature dependence of Raman spectra at the temperatures near to anomaly 
temperatures (close to 86 and 120 K) for the composition BiMni ssTio 15O5 (x = 0.15). Inset 
in both the figures represents the variation in selected phonon frequencies for respective 
temperatures. Increased scattering background towards higher wave number and highly 
suppressed mode at lower wave numbers can be seen clearly in the spectra collected at 86 K 
(Fig. 5.6(a)). Inset in the Fig. 5.6 (a) shows the variation in selected phonon frequencies as a 
function of the temperature and represent anomalies at the same temperature (-86 K). This 
observation is in support to the strong electron-phonon coupling occurring close to the 86 K, 
which can be complimented by magnetic anomaly presented in Chapter 4. However, Raman 
spectra measured around ~ 120 K (Fig. 5.6 (b)) show very sharp and improved phonon 
modes which represent the very strong harmonicity around this temperature (-125 K), close 
to which a peak in dielectric measurement is observed, presented in Chapter 4. Along with 
the sharpen character, unusual hardening is also clearly visible at this particular temperature 
(-125 K), a typical ferroelectric character. Again inset of Fig. 5.6 (b) represents the 
variation in phonon frequencies at anomaly temperature. Therefore, it is shown that the 
temperature dependent Raman scattering can be used as an alternate approach for revealing 
the multiferroic anomalies. 
Apart from enhancement in multiferroic anomalies temperatures, which were measured 
separately, one must seek the coupling between magnetic and electric properties. The 
coupling between electrical and magnetic ordering facilitates the important applications. 
There are number of ways to perform the coupling measurement, one such way is to 
measure the dielectric properties in the presence of magnetic field. In particular capacitance 
value has been measured as a function of magnetic field at a fixed frequency (123 Hz). 
Measurement was performed in decreasing as well as increasing magnetic field cycles. 
Figure 5.7 shows the Capacitance vs. magnetic field plots for the BiMni ssTioisC^ sample 
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performed at the anomaly temperatures (86 and 125 K). At other temperatures, we could not 
find any variation in capacitance value. Interestingly different paths of capacitance values 
for decreasing and increasing magnetic field but same trend at both the temperatures show 
the highly isotropic relation between magnetic and electric property. This measurement 
shows the extraordinary spin-phonon coupling and observed isotropic coupling behaviour is 
important for ease of application purpose. 
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Fig. 5.7: Capacitance vs magnetic field plots for BiMn1.g5Tio.15O5 sample 
measured at multiferroic (magnetic & dielectric) anomalies temperatures, 
namely 86 and 125 K. 
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5.3 Conclusions 
In conclusion, precise specific heat measurement in the presence of magnetic fields up to 14 
T, temperature dependent Raman scattering measurement and magneto-capacitance 
measurement have been performed for BiMn2-xTixC>5 with x = 0, 0.15 and 0.30. The 
anomalies in specific heat confirm the thermodynamic signature of the enhanced magnetic 
and dielectric properties due to Ti substitution in pure BiM^Os. There is no effect of 
magnetic field on molar specific heat up to the 14T, showing the strongly correlated electron 
behavior of all the samples. A few strong phonon modes are assigned using Raman 
scattering data on the basis of variation found in bond distances, and signature of strong 
electron-phonon coupling is observed. We have observed enormous change in the Raman 
spectra collected at temperatures near to 86 and 120 K, which are well in agreement to the 
magnetic and dielectric anomalies of this sample [132]. Spectra at 86 K show strong 
electron-phonon coupling character whereas the spectra collected at 125 K exhibit evidence 
of sharp harmonic modes due to ferroelectric ordering. Magneto-capacitance measurement 
shows the variation in capacitance value with varying magnetic field at anomaly 
temperature, which confirms the coupled origin of electric and magnetic properties. 
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Chapter 6 
Thin film growth of multiferroic 
BiMn205 using Pulsed Laser 
Deposition and its characterizations 
6.1 Introduction 
Search of multiferroic materials started from 1960s [1-4] and languished, because single 
phased materials with more than one ferroic properties could not be widely produced. But 
the technology obligation together with growing knowledge has brought the immense 
upsurge in the field of multiferroics in recent years. Precisely, state of art with time i.e. the 
development of alternate ways for combining the magnetism and ferroelectricity, has took us 
at the stage, we have number of known multiferroic materials [5, 7, 21-48]. But in the way 
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of realizing the multiferroic device applications, we still have limitations/restrictions of 
temperature and forms (bulk/single crystal/thin films) of materials. 
Among all the known multiferroics, RMn205 (R = rare earth, Y and Bi) family of materials, 
full of intriguing fundamental physics, offers around coinciding transition temperatures for 
antiferromagnetism (AF) and ferroelectricity (FE) and strong coupling, a requisite for device 
application [7, 11, 52, 64, 95-107, 115, 132]. Study on bulk as well as single crystals of 
RMn205 materials has been extensively performed but the characteristics of their thin film 
form have not been reported. The RMn20s materials have been widely studied in low 
temperature for magnetic and ferroelectric properties using neutron diffraction [52, 64, 65, 
102, 104, 138, 139]. Particularly, compounds with R = Y, Ho, Tb and Er have the 
incommensurate phase (ICP) propagation vector q = (— - 8X, 0, — + 5Z), and in the main 
ferroelectric state they all attain the commensurate phase (CP) with 8X and 5Z equal to zero 
[102, 104, 138, 139]. On further cooling below ~ 20 K, these materials go to low 
temperature incommensurate phases (LT-ICP), with a decrease of FE phase but eventually 
polarization P ^ 0 [7]. Moreover in the R = Tb as well as other magnetic rare earths, the 
intensity of magnetic phase increases below -10 K, due to magnetic ordering of rare earth 
sublattices (i.e. rare earth ordered phase) and attains the more ferroelectricity than the LT-
ICP [99]. It is important to mention here that, despite of exhibiting the similar multiferroic 
anomalies, the magnetic structure of BilVu^Os is commensurate and ferroelectric at all the 
temperatures with a propagation vector q = (—, 0 , —) [64-65]. 
In this scenario, it is time honoured to attempt the study on thin film aspect of BiMn20s, 
where the stable magnetic structure may be an added advantage. In earlier Chapters (3 rd, 4th 
and 5th) the study on bulk BiM^Os and effect of Ti substitution are presented. In this 
Chapter, structural, morphological, electronic structure and magnetic properties of B1M112O5 
thin films grown on LaAlOa (LAO) substrate using Pulsed Laser Deposition (PLD) 
technique are presented. 
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6.2 Results and discussion 
The XRD patterns of BiM^Os thin film on LAO (red/upper pattern) as well as for LAO 
alone (black/lower pattern) are shown in Fig. 6.1(a). A careful comparison between the 
XRD data of thin film and substrate confirms the single phase polycrystalline nature of 
BiMn205 thin (200 nm) layer on LAO. All the peak positions for BiM^Os/LAO have been 
marked with the combination of corresponding (hkl) miller indices of bulk BiM^Os (s.g. 
Fbam) and the substrate (LAO) peaks (marked by *). Lattice parameters of the thin film 
calculated for orthorhombic unit cell structure are, a = 7.5198 A, b = 8.5694 A and c = 
5.8030 A, whereas the lattice parameters of bulk BiMn205 are a = 7.5564 A, b = 8.5305 A 
and c = 5.7589 A. The abrupt variation (squeezed along a axis and released along b and c 
axis) in the lattice parameters clearly indicate the highly strained structure in thin film form. 
It also has been noticed from XRD spectra that all the peaks are broader than that of the bulk 
material. This broadening of the peak may be due to the formation of small grain size as 
well as the interfacial strain. To understand this aspect, the grain size (D) of the film have 
been calculated using the Debye-Scherrer formula [140] by D = 0.94 x X/(p cos 6), where X 
is the wavelength of the x-ray source and /? is the full width at half maximum (FWHM) of an 
individual peak at 20 (where 6 is the Bragg angle). The lattice strain (S) was calculated by 
the relationship, S tan 6 = (X/D cos 0) - ft. The calculated grain size is ~ 90 nm and the strain 
in the film is ~ 0.7. Value of strain is much higher than that in normal epitaxial films. The 
AFM data presented in later section provides the insight of this strained behaviour. 
Therefore, the XRD data confirm the highly strained polycrystalline single phase formation 
of BiMn205thin films on LAO. 
Figure 6.1(b) presents the room temperature Raman spectra of BiM^Os thin films. Most of 
the predicted Raman modes as per site symmetry analysis (48 phonon modes are Raman-
active (TRaman = l3Ag + 13B;g+ HB2g + llBjg), for ?bam structure of BiM^Os), have been 
identified, except few whose intensities are either very low or do not exist in measured wave 
number range (150 to 700 cm"1). The Raman scattering modes are consistent with the earlier 
reports [96, 105]. Noticeably the modes are slightly (-3-5 nm) shifted towards the higher 
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wave number than the modes observed in the bulk BiMn205 used as target during thin film 
deposition. The observed hardenings in the Raman modes are again indicative of strain and 
in accordance to the variation in lattice parameters. 
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Fig. 6.1: (a) Room temperature x-ray diffraction pattern of BiM^Os on LAO 
(upper one) and LAO (lower one), and (b) room temperature Raman spectra of 
BiMn205 on LAO. 
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Surface topography of a substrate and growth conditions strongly influence the quality of 
grown films. Surface topographies of the thin films, with scan resolutions of 10 x 10, 2 x 2, 
and 0.5 x 0.5 um , (see Fig. 6.2 (a), (c) and (d) ) were acquired using a Digital Nanoscope 
AFM providing the rms roughness (Rrms) and maximum peak-to-valley range (AZ). The 
AFM image shown in Fig. 6.2 (a) with the resolution of 10 x 10 um2, exhibited unevenly 
spaced patterns separated by brink like structures with abrupt edges having Rrms -19 nm and 
AZ ~ 40 nm. The maximum heights of the brinks, AZ~ 40 nm, and patterns size ~ 1-2 um 
between brinks can be approximated from Y-axis filtered data (see Fig. 6.2(b)). Close look 
of pattern and brink can be seen in the scan of resolution 2 x 2 um2 (Fig. 6.2(c)), whereas the 
scan with resolution 0.5 x 0.5 um2 (Fig. 6.2(d)) confirms the grain size (-90 nm) as observed 
from XRD data. 
230.61 nm 
10 um 0A 
X(um) 
2 um 73.14 nm 500 nm >5M nm 
2 um 0 A 0.0 500 nm 0 A 
Fig. 6.2: AFM images of BiM^Os grown on LAO with scan areas (a) 10 x 10, 
(c) 2 x 2 and (d) 0.5 x 0.5 um2, (b) the Y axis filtering showing peak-to-valley 
range (AZ) and width of patterns between brinks. 
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Three dimensional appearances of these brinks at different scales can be visualized in Fig. 
6.3 (a), (b), (c) and (d). Which show the 3D AFM images for the scan resolutions 10 x 10, 4 
x 4, 2 x 2, and 0.5 x 0.5 urn', respectively. It will not be wide of the mark that the formation 
of these brinks may cause the high value of strain in the thin films, as observed from XRD 
as well as Raman data. 
Fig. 6.3: 3D AFM images of BiMn205 grown on LAO with scan areas (a) 10 x 
10, (b) 4 x 4, (c) 2 x 2 and (d) 0.5 x 0.5 urn2. 
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Near edge x-ray absorption fine structure (NEXAFS) spectroscopy have been carried out for 
determining the valence states as well as crystal field symmetry of ions in the film. 
NEXAFS concentrates on fine structure within about 30 eV of the absorption edge in x-ray 
absorption spectroscopy (XAS). In Fig. 6.4, the results of oxygen K edge spectra of the film 
along with those of the reference compounds Mn02, MnO and Bi203 are shown. Oxygen Is 
XAS spectra represents the transitions from the oxygen Is state to the unoccupied O 2p state 
which are hybridized with the other orbitals of Mn as well as of Bi atoms, participating in all 
type crystal field splitting responsible for the non-degenerate states. So it provides the 
reasonable estimate of the unoccupied conduction bands [113]. In BiM^Os spectra, four 
main features are levelled as A, B, C and D in the energy range from 528 to 545 eV. Peak A 
at 528.5 eV is related to the hybridization between O 2/7-Mn 3d t2g and B is due to the 
hybridization between O 2/7-Mn 3d eg orbitals. Peaks C and D are identified due to the 
hybridization between O 2/7 - Bi 6s orbitals with small admixture of Mn 3^eg minority spin 
states and O 2p- (Bi 6/7 + Mn 4sp) orbitals respectively, peak D is broader than others, which 
shows that unoccupancies are not in specified subbands. The properties of peak C at 533 eV 
depends upon the behaviour of highly polarizable 6s2 lone pair of Bi3+ ions. It is worth 
mentioning that O K edge spectral behaviour of the thin film (presented here) matches well 
with the O K edge spectra of bulk BiM^Os (presented in Chapter 3). 
Mn 2/7 (1,3,2 edge) NEXAFS spectra of BiM^Os and comparison to the reference 
compounds Mn02 (Mn 4+) and MnO (Mn 2+) having different formal valences are shown 
in Fig. 6.5. The spin orbit interaction of the Mn 2p core states split the spectrum into two 
broad multiplets, namely L3 (2/73/2) and L2 (2p}/2) at ~ 11 eV apart. Each of these two 
regions further split into t2g and eg orbital features because of crystal field effect of ligand 
ions. Description of reference compounds MnO and Mn02 are presented in detail in XAS 
part of bulk BiM^Os, Chapter 3.The spectral shape in case of transition metal ions changes 
drastically with either the strength of the crystal field or the relative magnitudes of the 
exchange and 3d spin-orbit interactions [111, 141]. It can be clearly seen that peak position 
shifts towards the higher energy as the valence state of the Mn ions increase in the 
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respective reference compounds. On the basis of the comparison with the spectra of the 
manganese oxides, it can be concluded that the spectral shape which looks more close to 
Mn02 has domination of Mn3+ feature in spin-orbit interaction and crystal field splitting. 
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Fig. 6.4: Normalized O K- edge NEXAFS spectra of BiMn205 on LAO along 
with the spectra of Bi203, MnO and Mn02 as reference compounds. 
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Fig. 6.5: Normalized Mn L3,2- edge NEXAFS spectra of BiMn205 on LAO 
along with the spectra of MnO and Mn02. 
More detailed comparative analysis of O K -edge and Mn L32 -edges are presented in 
Chapter 3, while discussing their electronic structure. Finally the electronic structure study 
show the identical findings similar to the O K -edge and Mn L32 .edge spectra of bulk 
BiMn2C>5 [3]. These microscopic similarities observed using element specific tool rule out 
any kind of secondary phase possibility or impurity in the system. 
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Zero field cooled (ZFC) and field cooled (FC) magnetization as a function of temperature is 
presented in Fig. 6.6 (a), which show that the BiMn205/LAO undergo the AF transition in 
ZFC cycle at the same temperature (TN) as observed in case of bulk BiMn2Os sample [64, 
96, 132], whereas the FC curve clearly shows the spin glass behaviour having spin glass 
transition temperature coinciding with TV Moreover, M vs. H hysteresis measurements (Fig. 
6.6 (b)) performed at room temperature and 5 K do not exhibit any hysteresis as observed in 
bulk AF multiferroic BiM^Os [64, 96, 132]. In the FC magnetization, it follows the typical 
Curie law until spin-glass transition temperature (Tg) is reached and at the point where the 
magnetization becomes virtually constant is the onset of the spin glass phase. Possibility of 
spin glass behaviour in this kind of material may be due to the presence of high magnetic 
frustration. The geometrical structure of BiM^Os consists of connected Mn4+06 octahedra 
and Mn3+Os pyramids and exhibits five different nearest neighbour interactions (NNI) 
among Mn37Mn4+ ions, which lead to the frustrated magnetic structure [7, 64, 65, 100-104, 
132]. However, lattice parameters obtained from the room temperature XRD data suggest 
the radical change in the distances between magnetic ions. Consequently, it largely affects 
the superexchange interaction among Mn-O-Mn network. So the origin of spin-glass 
behaviour in the thin film form may be due to the simultaneous presence of competing 
interactions between Mn3+/Mn4+ ions, and strain induced disorder. Moreover, along the b-
direction BiM^Os exhibits a charge and spin ordering that can schematically be denoted as 
a chain of Mnf - Mnf - Mn3^. In the undistorted Pbam structure, the distances 
dn (between Mnf and Mnf) and dn (between M«;j!+and M?^+) are the same. But in the 
AF state (TV-39 K) the dn (between Mnf and Mitf) is shortened and optimizes the double 
exchange (DE) energy and ferroelectricity is introduced [142-144]. In the light of above fact 
and the data presented here show the presence of strain in the same magnetic network. 
Therefore, the modified ferroelectric properties and better coupling is highly expected. So it 
is worth mentioning that the stabilization of the BiM^Os thin film on conducting substrate 
is indispensible. 
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Fig. 6.6: (a) dc magnetic susceptibility (x) vs temperature (5 - 300 K) in ZFC 
and FC conditions in a magnetic field of 1000 Oe for BiMn205 on LAO, (b) 
Magnetization (M) vs. H plot for at 300 and 5 K. 
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6.3 Conclusions 
In conclusion, single phase polycrystalline thin films of multiferroic BiM^Os have been 
synthesized. XRD, Raman scattering as well as AFM studies show the highly strained 
behaviour of the thin film. The unit cell is squeezed along a axis, whereas released towards 
b and c axis. NEXAFS data of O K -edge and Mn 1,3,2 .edge show the electronic structure as 
well as valence state of each ion identical to the bulk BUVfc^ Os. Magnetization data in ZFC 
mode confirms the AF transition similar to the bulk, whereas exhibits the spin-glass type 
behaviour in FC data due to the structural strain added to the frustrated magnetic structure. 
It is important to mention that the thin films have been grown on non-conducting substrate 
(LAO). So, the measurement of ferroelectric properties was not possible. However, single 
phase character indicates the presence of ferroelectricity, even if not measured. In particular 
Bi 6s2 polarization effect observed through O K -edge spectra indicates the better 
ferroelectricity than the bulk. On the basis of these findings, it can be predicted that the 
stabilization of BiMn205 thin film on a conducting substrate may put up with enhanced 
ferroelectric properties and magneto-electric coupling. 
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Chapter 7 
Effect of swift heavy ion irradiation on 
the properties of PLD grown 
multiferroic BiMn205 thin film 
7.1 Introduction 
Member BiM^Os from RJVfr^ Os family, has been widely studied, whose magnetic structure 
is commensurate and is ferroelectric at all the temperatures (below TJV & Tc) with a 
propagation vector q = (—, 0 , —) [64-65]. In the previous chapter (Chapter 6) on thin film 
of BiMn205 (synthesized on LAO), it was shown that the magnetic property of this 
magnetically frustrated system is highly influenced by strain [145]. Thin films of BiM^Os 
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show the spin glass behaviour, which is not acceptable from application point of view [145]. 
On the other hand, fast moving technology of high density information storage where disk 
drive densities of 100 Gb/in2 appear to be reachable and still higher densities are required. 
This issue is very much important for multiferroic materials based memory devices, where 
in future chip-based memory and logic devices that depend upon magnetic thin film element 
for functionality and non-volatile information storage, will have added features due to 
simultaneous ferroelectricity. Recently, the remarkable findings coming out of ion beam 
treatment of magnetic materials (carried out on permalloy or CoPtCr, Fe-Pt, Ni-Fe etc. 
having special relevance to application in magnetic information storage) have shown 
prospects to custom-tailor the magnetic properties (e.g. moment, coercivity, anisotropy, 
magnetoresistance etc), crucial for application purpose [146-149]. The geometrical/magnetic 
structure of BiM^Os [64, 132] offers various possibility of engineering the magnetic 
property of this material using ion beam. 
It is well known that, when SHI passes through the material, the ions either excite or 
ionize the atoms by inelastic collisions or displace atoms of the target by elastic collisions. 
Elastic collisions are dominant in low energy regime, whereas inelastic collision process 
dominates at high-energy regime where elastic collisions are insignificant. From the 
literature, it is evident that electronic energy loss Se due to inelastic collision is able to 
generate point/cluster defects provided Se is less than the threshold value of electronic 
energy loss Seth. If Se is greater than Seth ( ~ 14.25 keV/nm, in our case), the energetic ions 
can create columnar amorphization. The stress/strain developed due to the created defects 
and amorphization is responsible for the modification in the different properties of the 
materials [66-68 and ref. therein]. 
This Chapter presents the report on 200 MeV Ag15+ ion irradiation induced 
ferromagnetism (FM) in a primarily antiferromagnetic (AFM) BiM^Os thin films. Due to 
statistical nature of energy deposition process, SRIM calculation [150], which is based on 
Monte Carlo simulation, was used to plan the irradiation energy (~ 200 MeV). Consideration 
of ion fluences (1 x 10n, 5 x 10" and 1 x 1012 ions/cm2) has been done as an extended 
approximation of single ion impact. 
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7.2 Experimental details 
Thin film of BiM^Os (thickness ~ 200 nm) has been deposited on c-axis oriented single 
crystals of LaAlCh (LAO) substrate by pulsed laser deposition (PLD) under optimized 
conditions using single phased target of BiM^Os prepared by solid state reaction route, 
details are presented in Chapter 4 & 6. The thin film of BiM^Os was cut into four pieces, 
each of 5 mm x 5 mm size. This set of four pieces was used for irradiation and further study 
in order to keep the growth conditions uniform for all the samples. One piece of the film was 
kept pristine while the other pieces of the thin film were irradiated at the room temperature 
with 200 MeV Ag15+ ion beam using the 15 UD tandem accelerator at the Inter-University 
Accelerator Centre, New Delhi, India, with different fluence values such as lx 10n, 5* 10" 
and lx 1012 ions/cm2. The irradiation was performed under high vacuum condition (base 
pressure 2X10"6 Torr). The incident angle of the ion beam was kept slightly away from the 
surface normal to the sample to avoid the channeling effects and also the beam current was 
kept 0.1 pnA to avoid the heating. The ion beam was uniformly scanned over the 1 cm2 area 
using a magnetic scanner. The fluence values were determined by measuring the charge 
falling over the sample surface under the secondary electron suppressed geometry. The 
ladder current was measured with a current integrator and a scalar counter. X-ray diffraction, 
Raman scattering and magnetization measurements of irradiated thin films were carried out 
using same experimental specifications used for pristine films, as described in previous 
Chapter. Near edge x-ray absorption fine structure (NEXAFS) measurements at O K and 
NEXAFS and x-ray magnetic circular dichroism (XMCD) measurements at Mn L3.2 were 
performed at the European Synchrotron Radiation Facility (ESRF) ID08 beamline, which 
uses an APPLE II type undulator giving ~ 100 % linear/circular polarization. All scans were 
collected simultaneously in both total electron yield (TEY) and total fluorescence yield 
(TFY) modes, ensuring both surface and bulk sensitivities. The spectra were normalized to 
incident photon flux and the base pressure of the experimental chamber was better than 
3xlO-10Torr. 
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7.3 Results and discussion 
Figure 7.1 (a) shows the XRD pattern of pristine BiMn205 thin film, thin films irradiated 
with three different fluence values (1 x 1011, 5 x 1011 and 1 x 1012 ions/cm2 ) and of LAO 
substrate. All the peaks present in case of pristine and irradiated thin films match either with 
bulk BiMn20s [132] or with substrate, confirming single phase character even after 
irradiation. With increase in irradiation dose value, shift in peak positions toward lower 20 
is observed, indicating increment in lattice parameter values. Lattice parameters for pristine 
as well as irradiated thin films have been calculated; within orthorhombic symmetry (space 
group Fbam) and presented in Table 7.1. The direct effect of irradiation along a axis is 
observed, even at the lowest fluence (1 x 10n ions/cm2). Pristine thin film which was found 
to have highly strained structure [145], in particular along a axis, in comparison to 
parameters of bulk BiMn205 (a = 7.5564 A, b = 8.5305 A and c = 5.7589 A)[132-145], 
relaxes after irradiation. Another important thing to be noticed is that, with irradiation XRD 
peaks become broader than that of pristine, which increases subsequently with fluence 
values. This broadening of the peak may be due to the formation of smaller grain size with 
irradiation. However, for maximum fluence (1 x 1012 ions/cm2) used in this study, the 
distorted line shape and profile broadening of XRD peaks indicate that subsequent increase 
of irradiation fluence may cause the amorphization. 
Table 7.1: Lattice parameters calculated from XRD data. 
Lattice parameters (A) a b c 
Pristine 7.5198 8.5694 5.8030 
lxlO11 ions/cm2 7.5871 8.5695 5.8132 
5x10" ions/cm2 7.6107 8.5942 5.8280 
lxlO12 ions/cm2 7.6345 8.6190 5.8428 
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Fig. 7.1: (a) XRD plots for pristine BiMn205/LAO thin film and irradiated at 1 
x 10", 5 x 1011 and 1 x 1012 ions/cm2, (b) Raman spectra for the same samples. 
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The lattice expansion in the decreased grain size can be explained by understanding the 
energy deposition mechanism in irradiation process. Above results show that the high 
electronic excitations has induce the structural modifications like observed in non-metallic 
systems [151-154]. This means that all the Se-dependent effects induced in these materials 
are probably related to the same basic energy transfer process between the incident ions and 
the target atoms, which can be explained using thermal spike model [84, 85, 155]. In the 
thermal spike model during electronic slowing-down regime (Se » Sn), most of the energy 
of the incident ions is transferred to the host electrons, resulting in a high temperature 
increase of the electronic subsystem, far above its melting temperature (thermal spike). This 
rapid heating is localized around the travelling ion path in the material and is followed by a 
rapid thermal quenching (~ 10l3-1014 K/s). So when the SHI passes through the BiMn205, 
the rapid thermal quenching after massive heating may cause the higher energetic 
configuration and consequent increase in unit cell volume. After the certain value of 
fluence, further increase in fluence may cause the rapid increase in energy density, and at 
that moment the mean free path between displacing collisions approaches the interatomic 
spacing of the material [156-157]. At this stage subsequent thermal quenching may lead 
amorphized state as the value of energy of Ag ion is 200 MeV, which corresponds to Seth 
(~14.25 KeV/nm) of electronic energy loss, calculated by SRIM software [150]. 
The considerable impact of ion irradiation on the inertia of the structure is also 
observed, seen in Raman scattering measurement, which could not be detected in diffraction 
phenomenon. Figure 7.1 (b) shows the Raman spectra for pristine and irradiated thin films. 
The site symmetry analysis [108] of the Pbam structure of BiM^Os yields a total 96 T-point 
phonon modes, out of which 48 phonon modes are Raman-active {T Raman = 13^ 4^  + 13B/>; + 
1 \B2g + 1 IBig). As explained in Chapter 5 & 6, most of the predicted Raman modes have 
been identified, except few whose intensities are either very low or do not exist in measured 
wave number range (150 to 700 cm"1), and results are consistent with the literature [96, 105]. 
The modes in pristine thin film are slightly shifted towards the higher wave number (~3-5 
nm) than the modes observed in the bulk BiM^Os [158] because of substrate induced strain 
in the film, these modes shift to lower wave number with irradiation fluence due to release 
of strain. These observations suggest that the as grown film which shows hardening in 
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vibrational modes as compared to the bulk sample due to strain, relaxes upon irradiation and 
shows softening in vibrational modes, consistent with the XRD analysis. Suppression in low 
waver number modes is also observed, indicative of increased electron-phonon (e-ph) 
coupling, similar to as observed in superconductors [137]. The enormous variation observed 
in XRD and Raman spectra due to irradiation has obviously immense effect on the physical 
properties of magnetically frustrated BiM^Os. 
Zero field cooled (ZFC) and field cooled (FC) magnetization as a function of 
temperature performed in the presence of magnetic field ~ 1000 Oe, for pristine film and the 
films irradiated with fluence values 5 x 1011 and 1 x 1012 ions/cm2 are shown in Fig. 7. 2 (a) 
and (b), respectively. Pristine BiM^Os shows the antiferromagnetic (AFM) transition (T^ ~ 
40 K) in ZFC cycle at around same temperature as observed in case of bulk sample [132], 
whereas the FC curve clearly shows the spin glass behaviour having spin glass transition 
temperature coinciding with T#. Moreover, M vs. H hysteresis measurements (Fig. 7.3) 
performed at room temperature (300 K) and 5 K do not show any hysteresis in the pristine 
film as observed in bulk AFM multiferroic BiM^Os [132]. The unusual magnetic property 
observed in pristine thin films is well explained on the basis of highly strained structure in 
magnetically frustrated background in previous Chapter. Surprisingly irradiation with 200 
MeV Ag15+ ions lead to radical change in magnetic phase, washes out the spin glass phase 
and stabilizes the weak ferromagnetism (FM) (see Fig. 7.2(b)). M vs. H plots for irradiated 
samples at room temperature and 5 K compliment to the M vs. T data, where hysteresis 
behavior for irradiated thin films is observed (Fig. 7.3). The induced FM after irradiation 
could be due to the inherent frustrated magnetic structure of the system, which can be 
engineered with irradiation induced modifications in NNI (next neighbour interactions). 
Further element specific characterization like NEXAFS and XMCD will help to understand 
the effect of (observed change in magnetic properties) irradiation in a quantitative way. 
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The geometrical structure of BiMn2Os consists of mixed valence Mn-sites (Mn3+/Mn4+), 
where Mn4+06 octahedra share edges to form infinite chains along the c axis. These chains 
are linked by pairs of Mn3+05 pyramids and Bi08 polyhedra this exhibits five different NNI 
among Mn3+/Mn4+ ions which lead to the frustrated magnetic structure (see Fig. 3.1, Chapter 
3). Various theoretical ab-initio calculations and detailed analysis has been looked for in 
depth information behind multiferroicity observed in RMn205, which shows that along the 
6-direction BiMr^Os exhibits a charge and spin ordering that can schematically be denoted 
as a chain of Mn£ - Mn\+ - Mn£. In the undistorted ?bam structure, the distances 
dn (between Mn\+and Mn*+) and dn (between Mnfmd Mri^) are the same. But in the 
AF state (IV~39 K) the d^ (between Mnf and Mi4/1") is shortened and optimizes the double 
exchange (DE) energy and ferroelectricity is introduced [142-144]. In the above scenario 
where the magnetic properties are very much susceptible to distances, d, between the Mn3+ 
and Mn4+ ions having strong U (~ 8 eV) [143], requires very high energetic impact in order 
to disband for the purpose to recur in new energetic configuration. 
For AgI5+ as a projectile ion, the value of ion energy corresponding to maximum 
electronic energy loss in BiMn2C>5 has been calculated to be ~ 200 MeV, using SRIM [150]. 
When the 200 MeV Ag15+- ion passes though the BiM^Os, it produces an ion track of 
around 100 nm2 cross-sectional area. Thus the number of ions required per cm2 area will be 
1 cm2/100 nm2 = 1 x 1012. Accordingly the three fluences used in the irradiation experiment 
namely 1 x 10n, 5 x 1011 and 1 x 1012 ions/cm2 supposed to cover 10 %, 50 % and 100 % 
area respectively. In order to check the accuracy of the above approximations (ion energy/ 
ion fluences) in the rear of the induced FM, the microscopic observations are indispensable. 
Figure 7.4 shows the normalized Mn L3;2 - edge NEXAFS spectra of pristine and 
irradiated thin films along with the references MnO and Mn02 collected at room 
temperature. Inset of Fig. 7.4 shows the zoomed area for L3 edge. The spin-orbit interaction 
of the Mn 2p core states splits the spectrum into two broad multiplet, namely the L3 (2/73/2) 
and L2 (2pm) with an energy ~ 11 eV apart. Each of these two regions further split into t2g 
and tg orbital features because of the crystal-field effect of neighbouring ions. These spectra 
show valance-specific multiplet structure with a chemical shift due to change in oxidation 
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state. Detailed description of Mn 1,3,2 NEXAFS spectra of pristine thin film with references 
are presented in previous chapter, where Mn has been found in Mn+3'5 state because the ratio 
Mn3+/Mn4+ is 1 in BiM^Os. SHI irradiation induced modifications can be directly observed 
in both the peaks, L3 as well as L2, with more in L3 -edges since it is more susceptible to 
local environment than L2. The inflection point of Mn L3- edge shifts towards the higher 
energy as valance number of Mn increases from +2 in MnO to +4 in MnCh. After irradiation 
even at lowest fluence (1 x 10" ions/cm2), the L3 region shows the evolution of new peak at 
~ 640 eV (it is clear in the inset of Fig. 7.4). This exactly matches with the intense L3. peak 
of MnO which has the domination of t2g states, indicating that some part of Mn ions are 
transferred into Mn2+ and ratio of Mn3+/Mn4+of pristine film is changed from 1. With the 
evolution of Mn2+, the peak at ~ 643 eV which is the signature of Mn4+ diminishes, 
confirming that the evolution of Mn2+ is at the expense ofMn4+. In this scenario, the spectral 
signature of Mn3+, which is left undistributed will have more obvious dominancy in this 
multiplet spectrum and is clearly observed at -641.5 eV. Shift in L2 -peak towards lower 
energy also vindicates the increased spectral weightage of Mn3+. For further increased 
irradiation fluence value, L3 region follow the trend of spectral distribution of multiplet 
structure among Mn2+/Mn3+/Mn4+ in accordance with the approximation of fluence values 
covering surface area. Noticeably, for the maximum fluence value (1 x 1012 ions/cm2) the 
spectrum does not follow the above approximation and show the random crystal field effect 
in spectrum, which is obvious as evidenced from the XRD pattern of this sample, decreased 
crystallinity is observed. Increased value of Mn2+ content at the expense of Mn4+ with 
irradiation may be accepted as a direct observation/reason of increasing magnetic moment. 
However, in order to acquire in depth information about magnetic contribution from Mn2+, 
XMCD is performed at 100 and 300 K. 
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Fig. 7.4: Normalized Mn L32- edge NEXAFS spectra of pristine BiMn205 thin 
film and irradiated at 1 x 1011, 5 x 1011 and 1 x 1012 ions/cm2 along with the 
spectra of MnO and Mn02. Inset shows the zoomed view at L3 region. 
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The well established XMCD method is one of the most reliable techniques for directly 
measuring the moments in a valence shell. Figure 7.5 shows the normalized XMCD spectra 
for pristine and irradiated samples, with subsequently increasing fluence values (from left to 
right;l x 1011, 5 x 1011 and 1 x 1012 ions/cm2), measured at a magnetic field of 5 T. Each 
upper and lower panel shows the XMCD spectra at 300 and 100 K respectively, of same 
sample. Although there is a little dependence of the NEXAFS signal on the polarization of 
the incident x-ray photon, there is a clear reproducible difference between the NEXAFS 
collected for the photon helicity parallel and antiparallel with the applied magnetic field (5 
T), which is the XMCD signal. In the XMCD spectra for all the irradiated samples, the 
XMCD signal of Mn2+ at energy ~ 640 eV is clearly observed, which is in accordance with 
the spectral position of Mn2+ observed in NEXAFS spectra for irradiated samples. XMCD 
signal of Mn2+ increases with the fluence value as well as with temperature complementing 
to magnetization data. The temperature dependence of XMCD signal of Mn2+ indicates the 
paramagnetic contribution towards the magnetism of the system. The x-ray absorption sum 
rule links that the total intensity of the L3 and L2 resonances with the number n/, of empty d 
states (holes). For a magnetic material the d shell has a spin moment which is given by the 
imbalance of spin-up and spin-down electrons or equivalently by the imbalance of spin-up 
and spin-down holes. The use of right or left circularly polarized photons which transfer 
their angular momentum to the excited photoelectron measure the difference in the number 
of Wholes. Evolution of Mn2+changes the number of Wholes contribution (n/, = 5, 6 and 7 for 
Mn2+, Mn3+ and Mn4+ respectively) and consequently affect the XMCD spectra. In order to 
separate out the contributions from spin as well as orbital part in total magnetic moment, 
sum rules have been used [79]. According to sum rules expressions of orbital magnetic 
moment, (Zz ), and spin magnetic moment, (Sz), are written as: 
W=3£*U o) 
( S , ) - ^ n , (2, 
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where A and B are the areas of the L3- and L^-edges respectively in the XMCD difference 
spectra . C is the area under the L3,2-edge NEXAFS spectra and m is the number of holes in 
the 3d orbital of Mn ions. The sum rules have been tested by comparison with experimental 
measurements and theoretical calculations [159]; they are generally accurate within about 
10% error. One possible source of error is found for the early transition metals, such as Cr, 
where the multiplet effects are larger than the 2p spin-orbit coupling and hence the L2 and 
L3-edges cannot be separated, however, it is not the case here. Value of n^ used in the above 
formula was 6.5 for pristine sample (as Mn3+/Mn4+ ratio equals to 1) and 6 for irradiated 
with 5 x 10" ions/cm2 fluence (assuming 50% of Mn4+ are transferred into Mn2+). To 
address the irradiation induced effect separately on L z and Sz, their temperature dependent 
values for intermediate fluence value (5 x 10" ions/cm2) and pristine are compared in Table 
7.2. Room temperature values of Lz and Sz bearing opposite sign indicate the cancelling 
nature of orbital and spin magnetic moments. However, at low temperature calculated values 
indicate summing nature in both the samples. The most noticeable parameter in this 
calculation is the value of orbital magnetic moment, which seems to have larger impact on 
total magnetic moment. 
Table 7.2: Orbital and spin momentum calculated using sum rule from XMCD 
data, for pristine and thin film irradiated with the fluence value 5 x 10u 
ions/cm2, at 100 and 300 K. 
100 K 300 K 
Lz Sz Lz Sz 
Pristine -2.4588x10° -3.60663 x 10"" 3.24123 x 10" -5.28374 x 10* 
5x10"ions/cm2 -7.40033 x 10"4 -2.9393x10° 1.88051 x 10"3 -5.169499x 10° 
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Fig 7.5: Mn L3,2 edge XMCD spectra at 100 and 300 K for pristine BiMn205 
thin film and irradiated with fluence values, 1 x 1011, 5 x 1011 and 1 x 10 
ions/cm . 
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Table 7.3: Experimental value of R (ratio of L2 and L3 peak areas) and derived 
orbital/spin magnetic moment ratios for pristine and thin film irradiated with 
the fluence value 5 x 1011 ions/cm2, at 100 and 300 K. 
Pristine 
5x 10" ions/cm2 
R 
-0.98 
-0.58 
100 K 
M,'Mf 
0.0044 
0.1296 
R 
-18.28 
-2.80 
300 K 
M,/Mf 
-0.3067 
-0.1818 
The orbital-moment contribution to the XMCD spectrum can be obtained from the ratio R of 
the L2 to L3 peak areas [160]. For R ~ -1, the orbital moment is practically quenched, and it 
increases with increasing deviation from this value. Notable difference in R for pristine and 
irradiated samples can be clearly seen in the corresponding XMCD spectra. This evidences a 
large orbital contribution to the magnetic moment in irradiated samples. L2,3 -peak areas 
have been extracted from the XMCD signal for pristine and 5 x 10" ions/cm2 fluence 
irradiated samples for quantitative evaluation of the orbital (ju,) to spin (fif) moment ratio 
according to the formula (see Table 7.3) 
Mf 3(1-2/?) 
The ratio of orbital to spin moment indicates the relative strength of orbital magnetism. The 
results obtained from sum rule as well as from orbital moment calculation are in well 
agreement to each other. If one follow both the results together, analysis can be summarized 
as, (i) at room temperature orbital moment is more in pristine sample than the irradiated one 
but the total observed moment is less because of around equally opposite spin moment, 
however it is not the case in irradiated sample, where we do observe the consequences of 
spin moment (ii) at 100 K, orbital moment in pristine sample is almost quenched (R ~ -1) 
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and the resultant AFM is due to spin moment only, whereas in irradiated one, the 
contribution of orbital moment is increased. Finally, XMCD spectra evidences to 
microscopic behaviour of FM induced in to the system after irradiation. These results are in 
good agreement to the magnetization data. 
In present case, we observe the irradiation induced evolution of Mn2+and consequent 
major changes in hybridization and crystal field symmetry in Mn L32 NEXAFS spectra. 
Important supporting facts may be drawn from O K -edge. Figure 7.6 shows the normalized 
O K -edge NEXAFS spectra for pristine BiM^Os as well as for irradiated samples (1 x 10", 
5 x 1011 and 1 x 1012 ions/cm2) collected at room temperature. It arises mainly due to the 
transition of O Is electron to the conduction band near the Fermi surface, which is 
dominated by the hybridization with metal 3d and Bi 6s & 6p orbitals with the O 2p orbitals. 
So it provides the reasonable estimate of the unoccupied conduction bands [113]. The 
comparison of O K -edge NEXAFS spectra of pristine thin film with spectra of MnO, Mn02 
and Bi203 have been presented in previous chapter. In O K -edge spectra, four main features 
are levelled as A, B, C and D in the energy range from 528 to 545 eV. The first two spectral 
features (A and B) which form the bottom of the conduction band are attributed to 
transitions from \s core state to oxygen 2p states hybridized with mixed-valent Mn 3d 
orbitals. The exact assignment of these pre-edge features is still not clear and has been 
discussed controversially in literature [see Ref. 130 and references therein]. With increase in 
irradiation fluence value, the concurrence decrease in the peak A is observed, whereas peak 
B remains unchanged. This observation is in confirmation to the fact that in fixed amount of 
mixed valent Mn ion state (Mn3+/Mn +), irradiation induced evolution of Mn + will cause the 
decrease in unoccupancies of d shell (or we can say increase in density of states related to 
Mn ions). Peaks C and D are identified due to the hybridization between O 2p - Bi 6s 
orbitals with small admixture of Mn 3d eg minority spin states and O 2p- (Bi 6p + Mn 4sp) 
orbitals respectively. Peak D is broader than others, which shows that unoccupancies are 
not in specified subbands. The properties of peak C at 533 eV depends upon the behaviour 
of highly polarizable 6s2 lone pair of Bi3+ ion. Interestingly the existence of peak C is 
observed up to the irradiation fluence value 5 x 10" ions/cm2. So one may expect the 
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existence of ferroelectricity upto this fluence in the presence of irradiation induced FM, 
which could not be measured, reason being the substrate (LAO) is non-conducting. 
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Fig. 7.6: Normalized O K- edge NEXAFS spectra of pristine BiMn205 thin 
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128 
7.4 Conclusions 
In conclusion, a modeled irradiation experiment has been performed using 200 MeV Ag'5+ 
ion as projectile ion and magnetically frustrated PLD grown thin film of multiferroic 
BiMn2C>5 as a target. With increasing irradiation fluence, isotropic increase in the unit cell 
parameters and simultaneous decrease in grain size in primarily strained structure is 
observed, which may be the consequence of new higher energetic configuration after 
irradiation. Interestingly, irradiation induced FM is observed in a primarily AFM character. 
Element specific observations using NEXAFS and XMCD show the evolution of Mn2+ in a 
network of Mn3+/Mn4+ at the expanse of Mn4+. Calculations based on sum rule and orbital 
moment consideration using XMCD data show the increased orbital moment contribution in 
irradiated films whereas pristine film shows the completely quenched orbital moment. These 
findings spur that the SHI irradiation can be used to custom-tailor the properties of oxide 
multiferroics for technological application. 
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Conclusions and suggestions for future 
work 
Conclusions 
Work presented in this thesis relate to studies on structural, electrical, electronic structure 
and magnetic properties of Ti substituted BiMn205 (0 < x < 0.5) bulk polycrystalline as well 
as 200 MeV Ag+ ion irradiated thin films of Bilvfr^ Os multiferroic samples. Bulk samples 
were synthesized using conventional solid state reaction technique and thin films of 
BiMn2C>5 were grown using Pulsed Laser Deposition (PLD) method on LaA103 (LAO) 
substrate. In addition to this, swift heavy ion (SHI) irradiation has been also used for 
materials modifications. Details of all the experimental techniques such as sample 
preparation and characterizations techniques along with theoretical methods used in this 
study have been presented elaborately in Chapter 2. Findings and results of the present 
thesis are summarized separately for bulk and thin films. 
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A study on pure and Ti substituted BiMn205 bulk 
materials: 
Single phase polycrystalline BiM^Os shows antiferromagnetic transition at temperature 
around T# ~ 39 K and ferroelectric transition at temperature around Tc ~ 35 K, well matched 
with its single crystal data available in literature. Anomaly observed in heat capacity 
measurements clearly represents the temperature dependent transitions arising due to 
ordering of Mn ions. Mn L3)2 as well as O K -edge XAS data show that eg states are more 
unoccupied than the \2g states in Mn ion. Spectral shape of Mn L -edge in BiMi^Os shows 
similar outline as of MnC>2 (Mn4+) with an admixture of Mn3+, whereas the Mn3+ presence is 
dominated in spin orbit interaction and crystal field splitting (lODq). 
In the Ti substituted BiM^Os samples, Ti content up to x = 0.5 are accommodated in single 
phase having orthorhombic structure with space group Ybam. New dielectric anomalies at ~ 
120 K and weak magnetic features at ~ 86 K have been observed in BiMn2-xTix05 samples, 
whereas the dielectric and magnetic transition at ~ 35 K and 39 K respectively, observed in 
undoped (x = 0) are absent in doped samples. New dielectric anomalies at ~ 120 K are 
attributed to the polarization of Bi 6s2 lone pair electrons along c axis. In particular, 
polarization of Bi 6s lone pair electrons are maximum in x = 0.15 as observed from XAS 
data (difference spectra of O K edge shows that Bi 6s2 electron pair polarization dominates 
for x = 0.15 composition and favours Bi2C>3 like hybridization). This is the foundation 
behind the greater dielectric anomaly. Ti substitution dilutes the Mn4+- O - Mn4+ chain and 
gradually suppresses the long range magnetic ordering and weakens the AFM ordering at ~ 
39 K. However, the net magnetic moment increases due to Ti substitution at Mn4+ site. New 
weak magnetic feature appearing at ~ 86 K are attributed to strong spin-phonon coupling 
and emergence of complex magnetic phase due to change in effective distances between 
Mn3+ and Mn4+ in doped samples. Ti4+ substitutions at Mn4+ site have been confirmed 
through XRD results and well supported by XAS data. The O K edge NEXAFS results 
demonstrate the competition between hybridization of Mn 3d/Ti 3d with O 2p orbitals and 
the participation of Bi 6s6p-Q 2p orbitals to destabilize the system cannot be ruled out 
completely. The Mn K- and Mn 1,3,2- edges spectra coherently indicate the increase of Mn3+ 
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/Mn ratio with Ti doping and Ti ions remain at 4+ states for all compositions as shown by 
Ti L-edge XAS. The new dielectric and magnetic features appearing in Ti doped samples 
exhibit their possibility of using as sensing materials. 
Precise specific heat measurement in the presence of magnetic fields up to 14 T, temperature 
dependent Raman scattering measurement and magneto-capacitance measurement have been 
performed for BiMn2-xTix05 with x = 0, 0.15 and 0.30. The anomalies in specific heat 
confirm the thermodynamic signature of the enhanced magnetic and dielectric properties due 
to Ti substitution in pure BiM^Os. There is no effect of magnetic field on molar specific 
heat up to 14T, showing the strongly correlated electron behaviour of all the samples. A few 
strong phonon modes are assigned using Raman scattering data on the basis of variation 
found in bond distances, and signature of strong electron-phonon coupling is observed. We 
have observed enormous change in the Raman spectra collected at temperatures near 86 and 
120 K, which are well in agreement to the magnetic and dielectric anomalies of this sample. 
Spectra at 86 K show strong electron-phonon coupling character whereas the spectra 
collected at 125 K exhibit evidence of sharp harmonic modes due to ferroelectric ordering. 
Magneto-capacitance measurement shows the variation in capacitance value with varying 
magnetic field at anomaly temperature, which confirms the coupled origin of electric and 
magnetic properties. 
Thin film of BiMn205 and irradiation effect: 
Single phase polycrystalline thin films of multiferroic BiM^Os have been synthesized. 
XRD, Raman scattering as well as AFM studies show the highly strained behaviour of the 
thin film. The unit cell is squeezed along a axis, whereas released towards b and c axis. 
NEXAFS data of O K -edge and Mn L3i2 -edge show the electronic structure as well as 
valence state of each ion identical to the bulk BiM^Os. Magnetization data in ZFC mode 
confirms the AF transition similar to the bulk, whereas exhibits the spin-glass type 
behaviour in FC data due to the structural strain added to the frustrated magnetic structure. It 
is important to mention that the thin films have been grown on non-conducting substrate 
(LAO). So, the measurement of ferroelectric properties was not possible. However, single 
phase character indicates the presence of ferroelectricity, even if not measured. In particular 
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Bi 6s2 polarization effect observed through O K -edge spectra indicates the better 
ferroelectricity than the bulk. 
A modeled irradiation experiment has been performed using 200 MeV Ag+ ion as a 
projectile ion and magnetically frustrated PLD grown thin film of multiferroic BiM^Os as a 
target. With increasing irradiation fluence, isotropic increase in the unit cell parameters and 
simultaneous decrease in grain size in primarily strained structure is observed, which may be 
the consequence of new higher energetic configuration after irradiation. Interestingly, 
irradiation induced FM is observed in a primarily AFM character. Element specific 
observations using NEXAFS and XMCD show the evolution of Mn2+ in a network of 
Mn3+/Mn4+ at the expense of Mn4+. Calculations based on sum rule and orbital moment 
consideration using XMCD data show that spin moment is dominant at room temperature 
and at low temperature the orbital moment dominates in irradiated films, whereas pristine 
film show the completely quenched orbital moment at low temperature. These findings spur 
that the swift heavy ion irradiation can be used to custom-tailor the properties of oxide 
multiferroics for technological application. 
Finally, Ti substitution and SHI irradiation is found to engineer the physical properties of 
BiMn2C<5 up to a great extent. This study presents remarkable findings and observations in 
the field of multiferroic materials from fundamental physics point of view as well as for 
application purpose. 
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Suggestions for future work 
1 
keep walking....! ESS 
The studies presented in the thesis were mainly focused on the Ti substitution effect on bulk 
BiMn2C>5 material and the SHI irradiation effect on polycrystalline thin film of BiMn205, 
though the phemomena have been demonstrated for thin film on non-conducting substrate 
(LAO). 
In future the focus will be on following points. 
(1) To synthesize the epitaxial thin films of pure BiM^Os as well as Ti substituted thin 
films on suitable conducting substrate and to perform the irradiation studies. 
(2) To grow the single crystals of Ti doped BiM^Os and study their multiferroic 
properties. Initially the single crystals of 7.5 % doping (i.e. BiMn1.85Tio.15O5) will be grown 
in which the prominent multiferroic anomalies has been observed. 
(3) As stated in the introduction part, there are large number of possibilities to tune the 
magnetic ordering and consequently the ferroelectricity with suitable substitution (at Bi site 
as well as Mn site) in the magnetically frustrated paradigm. Variation in oxygen content will 
also be an important aspect in the future studies. 
Search for new multiferroic materials with higher transition temperatures (close to room 
temperature), with sufficiently large coupling between order parameters will always be a 
part of the ongoing studies. 
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